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a b s t r a c t

2-Chlorovinylarsonic acid (CVAOA) is a stable abiotic metabolite of lewisite 1 that has been identified
in lewisite dumps. There have been no reports of microbial degradation of CVAOA, so we isolated and
examined CVAOA-degrading microorganisms. CVAOA contains arsine, which is toxic to microbial growth.
We therefore used the simple organic chemical, ethylene, as a sole carbon source in initial screening
for suitable microbes. We isolated several microorganisms from sewage sludge and soil. Two strains,
NK0505 and NK0506, could be grown on CVAOA as the sole carbon source and were identified by 16S
rRNA sequencing as Nocardia carnea NK0505 and Rhodococcus opacus NK0506. Because N. carnea NK0505
ewisite
egradation pathway

was slightly more active in degrading CVAOA, we used it for further degradation studies. Strain NK0505
utilized about 90% of CVAOA (50 ppm) within 5 days; at higher concentrations of CVAOA no degradation
occurred over a 10-day period. We identified 1-chloro-1,2-dihydroxyethane, ethylene glycol, glycolic acid,
and arsenic acid as degradation products of CVAOA. Epoxy formation on alkylarsine was not confirmed.
CVAOA is probably further metabolized via these compounds in the tricarboxylic acid cycle. Strain NK0505
could also degrade but-3-enylarsonic acid, trichloroethylene, isoprene, and 1,3-butadiene, but utilization
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. Introduction

Lewisite is a chemical weapon composed mainly of 2-
hlorovinyldichloroarsine (lewisite 1; L-1); it has olefin and arsine
n its structure. Two isomers, bis(2-chlorovinyl) chloroarsine
lewisite 2) and tris(2-chlorovinyl) arsine (lewisite 3), are included
n lewisite, but L-1 usually accounts for about 80% to 85% of
he compound when it has been synthesized from mercury chlo-
ide [1]. Skin contact with lewisite causes effects as blisters, and
nhalation of lewisite results in death [1]. L-1 is easily hydrolyzed
o 2-chlorovinylarsonous acid, 2-chlorovinylarsinic oxide, and 2-
hlorovinylarsonic acid (CVAOA), and these compounds are also
oxic [1].

There have been no reports confirming the solubility of the
oncentration limits of CVAOA in water or soil. However, by my
bservation, synthesized CVAOA is nearly freely soluble in water.
VAOA produced from lewisite hydrolysis has been estimated to
ave greater water solubility than lewisite, to a concentration
imit of 500 mg/L [1]. Furthermore CVAOA is relatively stable than
ewisite and other degradation product in water and, like dipheny-
arsinic acid and phenylarsonic acid, is likely to be capable of spread
nto the soil and groundwater [2].

∗ Corresponding author. Tel.: +81 29 850 2913; fax: +81 29 850 2570.
E-mail address: nakamiya.kunichika@nies.go.jp (K. Nakamiya).
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ylene did not occur.
© 2008 Elsevier B.V. All rights reserved.

There have been several reports of the degradation treat-
ent of lewisite and other chemical warfare agents. Haas et

l. [3] attempted to degrade lewisite with the fungal enzyme
anganese peroxidase. In 30 min, 98.8% of the lewisite present

n reaction mixtures at 34–250 �g/mL had been degraded. This
as a fast treatment speed, but the degradation products of

his reaction were not described. Boronin et al. [4] attempted to
egrade a mustard–lewisite mixture by alkaline hydrolysis and
lectrochemical treatment; the detoxification products, including
is(2-hydroxyethyl)sulfoxide and other arsenical organic com-
ounds, were treated by fluidized-bed bioreactor.

Microbial degradation of the natural organic arsenic compound
rsenobetaine was studied well by Jenkins et al. [5]. Two degrada-
ion pathways were proposed, and it was estimated that the methyl
r carboxymethyl moieties of this compound were decomposed to
roduce oxides. However, there have been no reports of either the
icrobial degradation of CVAOA by single strains of microorgan-

sms or the analysis of the degradation products.
Microbial degradation of olefin-containing organic compounds

as been investigated. For example, the natural olefin ethylene is
tilized by Mycobacterium sp., Nocardia sp., and Xanthobacter sp.

s a sole source of carbon [6]. The organic solvent trichloroethy-
ene (TCE) is degraded under aerobic [7], anaerobic [8], and

ethanogenic [9] conditions by microorganisms.
CVAOA has been identified in chemical weapons dumps. Siegel

10] suggested that it can persist in seawater for several months

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:nakamiya.kunichika@nies.go.jp
dx.doi.org/10.1016/j.jhazmat.2008.10.030
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r even longer. There is no serious pollution by CVAOA in Japan,
ut there is pollution by diphenylarsonic acid and phenylarsonic
cid (the deposited starting materials for diphenylchloroarsine and
ichlorophenylarsonic acid, respectively) in the cities of Kamisu

n Ibaraki Prefecture and Hiratsuka in Kanagawa Prefecture [11].
iphenylarsonic acid–and phenylarsonic acid–degrading microor-
anisms have been already isolated [12]. Today, there is concern
bout the possibility of pollution by CVAOA. We therefore need
o determine the environmental fate of CVAOA degraded by

icroorganisms and to apply microorganisms in the bioremedi-
tion of CVAOA, but we have no information on CVAOA-degrading
icroorganisms. Here, we tried to isolate CVAOA-degrading
icroorganisms from the soil by using ethylene as the sole source of

arbon; we then examined the specificity of a number of organisms
n metabolizing CVAOA.

. Materials and methods

.1. Chemicals

CVAOA was synthesized by the method of Lewis et al. [13].
-Enylarsonic acid and rac-3,4-dihydroxybutylarsonic acid were
ynthesized by the method of Serves et al. [14]. 4-Chloro-2-phenyl-
,3,2-dioxaborolane was synthesized by the method of Wulf and
o-workers [15,16]. Other chemicals were of laboratory grade.

.2. Cultivation conditions and degradation tests

The mineral salts (MS) medium used by De Bont [17] was used
o isolate ethylene degradation strains. The pH was adjusted to 6.8
ith HCl and/or NaOH. For the preparation of a solid medium, 1.5%

gar was added to the MS medium. For the isolation of microor-
anisms, cotton-plugged vials and/or laboratory dishes containing
he medium were placed in a large, sealed container (Anaerobic
ar, Sanshinkogyo, Co. Ltd, Yokohama, Japan) and about 5% of the
eadspace was replaced by ethylene gas (Japan Fine Products Co.
td, Kawasaki, Japan) by syringe. For the degradation test, 3 mL
f medium was added to a vial (30 mL). After sterilization of the
ial at 121 ◦C for 10 min and inoculation with the culture medium
0.3 mL), the vial was plugged with a butyl rubber stopper and
apped with an aluminum seal; 5% of the headspace was replaced
ith filtered (Puradisc 25 AS, Whatman, Middlesex, UK) steril-

zed gas by syringe under sterile conditions. When alkyl arsonic
cids or chlorinated ethenes were used as the sole source of car-
on, the medium was first sterilized at 121 ◦C for 10 min and the
equired concentration of an aqueous solution of alkyl arsonic acids
r chlorinated ethenes was added; the microbial isolates were then
noculated into the medium and cultivated at 30 ◦C with shaking
y rotary shaker. Growth was estimated from the protein con-
entration in the culture media by the Bradford method [18] or
y counting the number of colony forming units on Luria-Bertani
LB)-medium. Bovine serum albumin was used as the calibration
tandard.

.3. Identification of microbes from 16S and 18S rRNA

The methods used to extract genomic DNA and amplify the
6S rRNA were as described previously [19], with a modifi-

ation. Hexadecyltrimethylammonium bromide treatment was
sed for the purification step [20] in the extraction of bacterial
enomic DNA. The PCR product was sequenced at Hokkaido Sys-
em Science Co., Ltd., Hokkaido, Japan. The sequence obtained
as identified from the database of the DNA Data Bank of Japan

DDBJ).
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.4. Analysis of organic arsenical compounds

To 0.5 mL of culture medium, we added 25 �L of 2N HCl and
�L of 1-propanethiol and then shook the mixture overnight
t room temperature; we then extracted it in nonane (for
uantification of organic arsenical compounds) or ethylacetic
cid (for detection of degradation products; each 200 �L). The
onane phase was dried over anhydrous Na2SO4 and analyzed
y gas chromatography–mass spectrometry (GC–MS) (GC-mate
ass spectrometer, JEOL Ltd., Tokyo, Japan; HP 6890 gas chro-
atograph, Agilent Technologies, Santa Clara, CA, USA). The

thylacetic acid phase was dried under N2 flow at room temper-
ture and then redissolved in 50 �L of ethylacetate and analyzed
y GC–MS.

.5. Analysis of dihydroxyl residues containing organic acids

One volume of culture medium was mixed with an equal vol-
me of methanol and centrifuged for 5 min (12,000 rpm) at room
emperature. The supernatant was removed and an equal volume
f 80 mM methanolic phenylboronate was added to derivatize the
egradation products [21]. The mixture was shaken for 5 min at
oom temperature and then dried by the addition of anhydrous
a2SO4.

For those samples used to look for complex degradation prod-
cts on the GC–MS chromatograph, the ethyl acetate phase from
cidified culture medium was dried (Na2SO4) and treated with N,O-
is(trimethylsilyl)-trifluoroacetamide (BSTFA, 1 + 4, v/v) for 1 h at
oom temperature.

The dried sample was analyzed by GC–MS. Separations were
erformed on a DB-17MS column (30 m × 0.25 mm i.d., J&W Scien-
ific, Folsom, CA, USA), and the analytes were ionized in electron
mpact mode. The oven temperature program was 80 ◦C (hold for
min), 150 ◦C (20 ◦C/min), and 300 ◦C (10 ◦C/min).

.6. Analysis of volatile olefins

After cultivation, the culture medium was boiled in a water bath
or 30 min and the olefin vapor in the head space was analyzed
y GC–MS as described above. Separations were performed on a
B-Wax column (30 m × 0.25 mm i.d., J&W Scientific, Folsom, CA,
SA).

. Results and discussion

.1. Isolation of CVAOA-degrading microorganisms by using
thylene as the sole source of carbon on first screening

We had previously tried to isolate CVAOA-degrading microor-
anisms from sewage samples and soil. However, we were not
uccessful in isolating microorganisms by using CVAOA as the sole
ource of carbon; it seemed that the toxicity of CVAOA – especially
f the arsine in its structure – was preventing the growth of the
icrobes. Because the chlorovinyl moiety seemed likely to be eas-

ly degraded by microorganisms, as a first step in the isolation of
icroorganisms we selected out ethylene-degrading microorgan-

sms. We isolated several microbes by using ethylene as the sole
ource of carbon. We then cultivated these microbes on CVAOA at

arious concentrations as the sole source of carbon. From this selec-
ion we found two isolates, strains NK0505 and NK0506 (Fig. 1).
trains NK0505 and NK0506 were identified respectively as Nocar-
ia carnea and Rhodococcus opacus by 16S rRNA sequencing. The
ccession number of N. carnea NK0505 was AB252192 and that of
. opacus NK0506 was AB252191.
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Fig. 1. Scanning electron micrographs of isolated micro

.2. Effect of CVAOA on the growth of strains and substrate
pecificity of the isolate N. carnea NK0505

The effects of changes in the concentration of CVAOA on degra-
ation by both strains were almost equal (Fig. 2A). Both strains
ould not grow at CVAOA concentrations over 1 g/L during culti-
ation for 10 days (data not shown). Inhibition of microbial growth
ay have been caused by the toxicity of CVAOA to the bacteria.

train NK0505 grew slightly faster than NK0506; we therefore used
. carnea NK0505 for further studies of the degradation of CVAOA.
train NK0505 utilized about 10% of CVAOA at an initial concentra-
ion of 500 mg/L within 5 days (Fig. 2B), but degradation stopped
fter 30 h of cultivation. However, more than 90% of CVAOA at an
nitial concentration of 50 mg/L was utilized over 5 days. These
esults indicated that the degradation product As(V) hindered the
rowth of strain NK0505; its concentration was estimated to be
bout 50 mg/L (10% of CVAOA at an initial concentration 500 mg/L)
equivalent to As 20 mg/L).

The solubility of lewisite (M.W. 207.3) in water is 500 mg/L
1]. When lewisite leaks at this concentration into groundwater,
VAOA (M.W. 186.4) at about 450 mg/L will be produced. CVAOA

ill be diluted in water, its concentration maybe not increased

ver 450 mg/L by limitation of water solubility of lewisite. If strain
K0505 were to be used in bioremediation, this strain would not
ffectively degrade CVAOA present in dumps at near area. How-

c
f
t
c

ig. 2. Effect of substrate concentration on degradation of CVAOA (A); and time course of
K0505; closed squares, strain NK0506. (B) Degradation by strain NK0505. Closed circles
0 mg/L; open triangles, 500 mg/L; open inverted triangles, blank (not inoculated).
isms. Bar, 1 �m. (A) Strain NK0505; (B) Strain NK0506.

ver, if it were to work at sites where there were away from dumps
f lewisite, because the concentration of the degradation product
s(V) would decrease to about 20 mg/L. The national standard for
rsine in ground water in Japan is 0.01 mg/L; as elemental 20 mg/L
f As(V) is still enough toxic for environment. The use of strain
K0505 for bioremediation would be limited to areas of low CVAOA
oncentration unless an additional method to adsorb As(V) were to
e used.

When more than 20 mg/L of arsenic acid without CVAOA was
sed for the cultivation of strain NK0505 under ethylene gas,
rowth of strain NK0505 was not inhibited (data not shown). An
nhibitory effect was not seen until the arsenic acid concentra-
ion exceeded and reached 1000 mg/L. These results indicated that
train NK0505 could grow in the presence of excess carbon, and that
ny defense effect for arsenic acid occurred. In this case methyla-
ion of arsenic acid and cumulative disappearance of the arsenic
cid from the culture medium were not observed. One of the
ossible biochemical explanations is that ATPase is activated and
here is exocytosis of toxic materials, with accelerated removal of
rsenic acid from the bacterial cells. These results suggest that, with
upplemented nutrition, NK0505 could use CVAOA at higher con-

entrations at contaminated sites and could be used in bioreactors
or the treatment of lewisite. However, more studies are needed
o explain the ability of NK0505 to grown in the presence of high
oncentrations of arsenic acid.

degradation of CVAOA at various initial concentrations (B). (A) Closed circles, strain
, CVAOA 0.5 mg/L; closed squares, 5 mg/L; closed triangles, 10 mg/L; open squares,
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Fig. 3. Time course of degradation of CVAOA by strain NK0505. Closed circles,
CVAOA concentration in medium (mg/L); closed triangles, arsenic acid (mg/L);
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We proposed a degradation pathway for CVAOA. There was a
losed squares, protein in medium (�g/mL). Each point is the mean of three repli-
ates.

The time course of the growth of strain NK0505 in medium con-
aining 50 mg/L CVAOA is shown in Fig. 3. The decrease of CVAOA
n the medium was essentially complete after 5 days, and there

as a concomitant increase in the concentration of the degrada-

ion product arsenic acid (about 12 mg/L after 2 days) and protein
35 �g/mL).

s
e
o

Fig. 4. Chromatograph of diol
s Materials 165 (2009) 388–393 391

NK0505 could degrade and/or utilize but-3-enylarsonic acid,
CE, isoprene, and 1,3-butadiene, but utilization of tetrachloroethy-
ene (perchloroethylene; PCE) and acetylene was not observed
Table 1). Arsenic acid was present on GC–MS of samples from
he degraded medium (data not shown). Our isolate could uti-
ize some olefins (but not PCE) as a growth substrate. Usually
CE is not utilized by aerobic microorganisms because it is oxi-
ized by four chloride atoms and enzymes cannot attack the
ore structure; however, under anaerobic conditions microorgan-
sms can degrade it by reductively removing the chloride [8].
ac-3,4-Dihydroxybutylarsonic acid was detected as the degrada-
ion product of but-3-enylarsonic acid. This result indicated that
egradation of the olefin moiety of CVAOA was proceeded by the
ydroxylation of double bonds. Nocardia rhodochrous can utilize
cetylene gas [22], but our isolate did not utilize it. Rosner et al.
23] and Germon et al. [24] reported the utilization of acetylene by
hodococcus ruber and Rhodococcus rhodochrous E5, respectively,
ut our other isolate, R. opacus NK0506, did not utilize acetylene
s a sole carbon source (data not shown). Usually nitrogenase can
egrade acetylene to ethylene, and it has been applied to the analy-
is of nitrogenase activity on root nodules. Probably our isolate had
eak nitrogenase activity or only a small amount of nitrogenase.

.3. Identification of degradation products of CVAOA
mall peak with a parent mass of 303.0 (Retention time 11.55;
qual to the propanethiol derivative of epoxy-forming CVAOA)
n the slightly late retention time of the GC–MS chromatograph

s derived from CVAOA.
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Table 1
Substrate specificity of strain NK0505.

Substrate Percent utilization
in 4 days

Diol production Growth (protein;
�g/mL)

Substrate Percent utilization
in 4 days

Diol production Growth (protein;
�g/mL)

but-3-Enylarsonic
acid

66 rac-3, 4-
Dihydroxybutylarsonic
acid

24 Ethylene 35 Ethylene glycol 21

TCE 23 Ethylene glycol 18 Isoprene 17 ND 14
PCE 0 ND 0

Substrates at left were added to medium at 500 mg/mL; substrates at right were added to
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ig. 5. Proposed degradation pathway of CVAOA. Epoxy formation by CVAOA, and
he TCA cycle, have been added as references for the proposed pathway.

f CVAOA (RT 11.25) (data not shown). Further study is needed
o identify this compound, which we tentatively categorized as

possible degradation product of epoxy-forming CVAOA. In the
egradation of but-3-enylarsonic acid by strain NK0505, rac-
,4-dihydroxybutylarsonic acid was detected (Table 1), but in
he degradation of CVAOA there were no BSTFA-derived dihy-
roxyl moieties containing ethylarsonic acid. This result indicated
hat the dihydroxylated form of CVAOA was not as stable as
ac-3,4-dihydroxybutylarsonic acid. We also considered 1-chloro-
,2-dihydroxyethane to be a degradation product. Production of
-chloro-1,2-dihydroxyethane by phenylboronate derivatives was
bserved as 4-chloro-2-phenyl-1,3,2-dioxaborolane (Fig. 4); this
as confirmed by the fragmentation pattern and retention time
f the synthesized 4-chloro-2-phenyl-1,3,2-dioxaborolane. Finally,
-chloro-1,2-dihydroxy ethane was degraded to ethylene glycol
Table 1) and then glycolic acid. Glycolic acid was probably metab-
lized by the tricarboxylic acid cycle (Fig. 5).

. Conclusion
We examined the microbial degradation of CVAOA. Two isolated
trains, N. carnea NK0505 and R. opacus NK0506, could be grown on
VAOA as the sole source of carbon. Strain NK0505 utilized about
0% of CVAOA (50 mg/L) within 5 days; at 1000 mg/L of CVAOA no

[

[

1,3-Butadiene 21 ND 19
Acetylene 0 ND 0

30 mL headspace at 5%. ND, not determined.

egradation occurred over a 10-day period. We identified 1-chloro-
,2-dihydroxyethane, ethylene glycol, glycolic acid, and arsenic
cid as the degradation products of CVAOA. Strain NK0505 could
lso degrade but-3-enylarsonic acid, trichloroethylene, isoprene,
nd 1,3-butadiene, whereas utilization of tetrachloroethylene and
cetylene did not occur.
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