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Microbial Degradation of Arsenobetaine Accumulated

in Marine Animals

Ken'ichi Hanaoka®' and Toshikazu Kaise’?

The microbial degradation of arsenobetaine, which is ubiquitous in marine animals, was
investigated in wvitro and also in a natural environment. This compound was aerobically de-
graded in culture media with every microbial origin used in this study such as sediments,
suspended substances, macro algae, etc. The highest degradation activity was shown by the
sediments where all the arsenobetaine were completely degraded to inorganic arsenic (V) via
trimethylarsine oxide (TMAQ) and dimethylarsinic acid. Arsenobetaine, however, was con-
sistently the major arsenical in the bodies of microorganisms themselves even after it com-
pletely disappeared from the media. In the muscle and liver of the starspotted shark buried
in the coastal sands and the muscle of dead chitons suspended in the water column, TMAOQO
and inorganic arsenic (V) were detected as well as in the in vitro degradation experiments.
The degradation of arsenobetaine to inorganic arsenic (V) in marine animals closes the ma-
rine arsenic cycle that begins with the methylation of inorganic arsenic on the route to
arsenobetaine.

shark® (Chondrichthyes), school whiting®’
(Osteichthyes), sea cucumber®’ (Mollusca)
1 Introduction
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and various kinds of zoo-plankton.®” We

[(CH,),As"CH,CO0"] is
considered to be synthesized in marine eco-

Arsenobetaine

systems  from  inorganic  arsenic iIn

seawater via arsenosugar(s), arsenocholine
((CHy),As"CH,CH,OH] , etc.” The occur-
rence of arsenobetaine was first identified in
the tail muscle of western rock lobster
naturally  occurring
1977.»  Since then
arsenobetaine has been found in many

(Crustacea) as a
organo-arsenical  in
animals

other marine including  blue

have also reported that arsenobetaine is dis-
tributed in marine animals independently of
their feeding habits and the trophic levels to
which they belong.”'® We then interested in
the fate of arsenobetaine after the death of
marine animals. In our experimental course,
the microbial conversion of arsenobetaine
has been investigated in vitro®® and in a

natural environment.®?®

In this paper, we
examined the synthetic arsenobetaine conver-
sion by the microbe-containing sediments,

suspended particles, etc., and the derived ar-
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senic compounds were analyzed. After exam-
ining the conversion and degradation pattern
in uvitro, a starspotted shark Mustelus
manazo and chitons Liorophure japonica
were left in a seashore environment to inves-
tigate whether the arsenobetaine that had
accumulated in them could be degraded by
marine microorganisms in a natural environ-
ment through the conversion route shown in
the in vitro study. As previously reported by
us, arsenobetaine is practically the sole arse-
nic compound occurring in the muscle® and
liver™ of the shark, and chitons also accu-
mulate arsenobetaine as a major arsenic

compound.’®

2 Materials and Methods
2. 1 Microbial sources

Sediments, two kinds of macro-algae (the
brown alga Hizikia fujiform and the green
alga Monostroma nitidum), the intestine of
a mollusk (chiton) and particles suspended
in the water were collected from the coastal
waters of Yoshimi, Japan. Sinking particles
were collected by a sediment trap at a sta-
tion off Kushirc, Japan at depths of 1,100
and 3,500m.

2. 2 Cultivation
Two culture media were used. These were

1/5 ZoBell 2216E [gdm™ filtered sea
water; peptone 1.0; yeast extracts 0.2, pH

and Kaise

7.5] and an aqueous solution of inorganic
salts at pH 7.5 [ gdm™; sodium chloride
(NaCl) 30.0; calcium chloride (CaCl,-2H,0)
0.2; potassium chloride (KCI) 0.3; iron(ID
chloride (FeCl,»nH,0) 0.01; phosphates
(KH,PO,) 0.5 and (K,HPO,) 1.0; magne-
sium sulphate (MgSO0,-7H,0) 0.5; and am-
(NH,CI) 1.0]. Synthetic
arsenobetaine and each microbial source were

monium chloride

added to each medium in a flask. The flasks
kept at 25°C in a dark were shaken under an
atmosphere of air.

2. 3 Marine animals

A dead starspotted shark was buried in
the intertidal sands of Yoshimi for 40 days
at a depth of ca. 20cm. Eighteen chitons were
collected from the seashore of Yoshimi,
killed by stabbing, and wrapped in a net (1
mm in diameter). The net was suspended in
seawater (at a depth of ca. 1m) for 30
days.

2. 4 Extraction and purification of arsenic
compounds from microorganisms

Water soluble arsenic compounds occurring
in the animals or harvested microorganisms
from the incubated culture media were ex-
tracted with chloroform-methanol (2:1) as
described previously.” The water-soluble ex-
tracts or the filtrates of the incubated cul-
ture media were applied to a cation-exchange
resin, Dowex 50W-x8 (50-100 mesh, H
form) column and eluted with water, 2.0
pyridine and 1.0 mol dm™ HCI,
successively. The arsenic-containing fraction

mol dm™®

was further applied to a Dowex 50W- X2
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(200-400 mesh, pyridinium form) column
equilibrated with 0.1 mol dm™ pyridine-
formic acid buffer (pH 3.1), being eluted
with the same buffer and 0.1mol dm™ pyri-
dine.

2. 5 High performance liquid chromatogra-
phy

Each extract or medium was analyzed by
high performance liquid chromatography
(Tosoh Co., Ltd., CCP 8000-series) using a
ODS 120T column (4.6 X 250mm; Tosoh Co.,
Ltd.) with a mobile phase of 11.2mmol
dm™® sodium heptanesulphonate in water/
acetonitrile/ acetic acid (95/5/6, by vol.;
flow rate, 0.8 cm® min™'; sample size, 5
mm®). Fractions were collected at 25-s inter-
vals and each was analyzed for arsenic with
a graphite furnace atomic absorption spec-
trometer. A mixture of authentic arsenic
compounds was also fractionated.

2. 6 Confirmation of the metabolite

The purified arsenic metabolites were sub-
jected to thin layer chromatography per-
formed on a cellulose thin layer (Avicel SF,
thickness: 0.1mm). FAB mass spectrometry
was performed with a JEOL JMS DX-300
mass spectrometer equipped with a fast
atom bombardment ion source.

3 Results

3. 1 Arsenic compounds as metabolites from
arsenobetaine in the filtrates of the

medium
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Fig. 1. Degradation of arsenobetaine by the micro-
organisms oceurring in various marine
sources.

TMAO:  trimethylarsine oxide, DMA:
dimethylarsinic acid, MMA: methanarsonic
acid.

In each incubated medium containing

arsenobetaine and a microbial source,
arsenobetaine was degraded to some extent
by microorganisms. Fig. 1 schematically
shows the extent or ability of arsenobetaine
decomposion for each source. Trimethylarsine
oxide [(CH,);AsO] and dimethylarsinic acid
[(CH,),AsO0H]

metabolites in the incubation mixtures. The

were always detected as

highest degradation activity was shown by
the sediments where all of these metabolites
were further degraded to inorganic arsenic
(V) as a complete degradation product.
Suspended substances and sinking particles
(from a depth of 1,100m) showed a high ac-
tivity in which a part of the arsenobetaine
was degraded to inorganic arsenic (V).
With the sinking particles, however, there
were great seasonal differences: for parti-
cles collected at 1,100 m in  autumn,
arsenobetaine was most degraded. Fig. 2
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shows a typical degradation pattern of
arsenobetaine in the medium containing the
sediments, which showed the highest activ-
ity. With the disappearance of arsenobetaine,
trimethylarsine oxide appeared and the
trimethylarsine oxide further degraded to in-
organic arsenic (V). A small amount of

dimethylarsinic acid also appeared and fi-

Arsengbetaine

% lor panic T
| arsekic V)

Arsenic concentration

Incubation period

Fig. 2. Schematic degradation pattern of arsenobetaine
to inorganic arsenic (V) in vitro by sedimen-
tary microorganisms. With the disappearance
of arsenobetaine within 2-3 days, trimethylarsine
oxide, dimethylarsinic acid and inorganic arse-
nic (V) appeared in sequence. For abbrevia-
tions, see Fig. 1.

nally disappeared.

3. 2 Arsenic compounds within the bodies of
the microorganisms

We investigated whether arsenobetaine is
taken into the bodies of microorganisms
themselves and, if this  occurs, the
structure(s) of the arsenic compound accu-
mulating in them. Sediments were used as
the microbial source because of their high

activity in degrading arsenobetaine. After 50

days of incubation in the ZoBell medium,
that is at the final stage of degradation,
only arsenic compound present in the filtrate
of broth was inorganic arsenic(V), in con-
trast the major arsenic compounds extracted
from  the microorganisms  cells was
arsenobetaine., HPLC analyses showed the
conversion of arsenobetaine to inorganic
arsenic(V) in the medium, on the other hand
arsenobetaine taken in the microorganisms
kept in this form during the incubation peri-
ods.

3. 3 Post-mortem formation of inorganic
arsenic {rom arsenobetaine in animals
under natural conditions

In the shark buried in the coastal sands,
three new arsenic containing metabolites
were found in the muscle and liver in addi-
tion to arsenobetaine. The arsenic compounds
and the percent of the total arsenic that
they represent in the muscle and liver were:
(63.3% and 83.8%),
(8.8% and 3.9%),
methanearsonic  acid  [(CHy) AsO(OH),]
(20.09% and 7.9%) and inorganic arsenic(V)
(12.6% and 4.4%6). The dead chitons that
were suspended in the water column also had

arsenobetaine
trimethylarsine oxide

these four compounds plus dimethylarsinic
acid and tetramethylarsonium ion
[(CHy),As™) . Arsenic was distributed in
these compounds as follows: arsenobetaine
17.1%; 25.3%;
methanearsonic  acid  11.8%;  inorganic
arsenic(V)  9.8%; dimethylarsinic acid
12.096; tetramethylarsonium ion 24.09%.

trimethylarsine  oxide
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4 Discussion

By comparing the extent of degradation of
arsenobetaine shown by sedimentary microor-
ganisms with the extents of degradation by
other microbial sources (Fig. 1), one may
expect that complete degradation of
arsenobetaine 1s also attainable with any
other microbial sources by providing the suf-
ficient incubation period. No further degra-
dation, however, occurred with longer
incubation period (unpublished data), indi-
cating that the incompleteness of degrada-
tion of arsenobetaine could not be attributed
merely to a delay in the formation of inor-
ganic arsenic. The microflora in the sources
is considered to be the most important fac-
tor affecting the extent of degradation.
Differences in the conversion rate between
the ZoBell and inorganic salt media have
been consistently found in the degradation
experiments so far. The results of these ex-
periments, however, have not indicated the
superiority of one medium over the other
with respect to the microbial degradation,
i.e., we could not predict in which medium a
microbial source would show a higher degra-
dation activity. Thus, we always used both
types of media. Whether the occurrence of
abundant organic matter is favorable for the
degadation of arsenobetaine by microorgan-
isms may also depend again the microflora.
The occurrence of microorganisms that can
degrade arsenobetaine by one way or another
has been clearly demonstrated in various
places in the marine environment including
the deep sea.

Throughout the in vitro degradation of
microbial

arsenobetaine in the sources,

arsenobetaine remained the major arsenic
compound within the microbes themselves.
This fact may mean that when marine mi-
croorganisms degrade arsenobetaine, they
take in arsenobetaine, cleave some useful
groups such as the carboxymethyl moiety,
which is a possible starting material for the
synthesis of fatty acids, and discard the
dangerous arsenic-containing residue. The ac-
cumulation of arsencbetaine in the microor-
ganisms is very interesting with respect to
understanding the contribution of microor-
ganisms to arsenic circulation through the
food chain.

In the muscle and liver of the starspotted
shark and 1n the

trimethylarsine oxide, dimethylarsinic acid

muscle of chitons,
and inorganic arsenic (V) were detected as
well as in the in vitro degradation experi-
ments so far. The in vitro degradation ex-
periments used in this study may also prove
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Fig. 3. A tentative arsenic cycle in marine ecosys-
tems
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to be useful in investigating the arsenic cir-
culation in marine ecosystems. From these
results, we conclude that arsenobetaine that
18 biocconverted through the food chain from
inorganic arsenic in seawater is re-converted
to  the
trimethylarsine oxide. Thus, the arsenic cycle

original 1inorganic arsenic via
that we previously proposed to operate in
the marine ecosystem™'® appears to be con-

firmed by the present results (Fig. 3).
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HEEEBINC WRAIC TR T AR e BILBYTH I TNV E ) Ny 4 Y OBESHICS VT, in vitro B X TH
RGBT THIR L7 BHICIRINE R BT Ve / <94 vid, BRPERYS, AR clwRdNxToME
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foo L L, HEltho e &M T~ e % (V) KEREIAEBTS, MEDEHSOERRICERSA TV S
R e REBYR T V-, NI A v TH T, T, WO Eb ik v 2 QAL & UIFE, 50
HEgHBIKkcB Lce ¥ s V1 OBARIBL TS TMAO B UMEB e & (V) Bkl iz, +4bb, i
HIERIC B 3 e RIEBIEMIAY 2 k& LT, ABIETIT -2 in vitro HEROFIMAGRE N, $/2, Pllo
FES D SRR BRI I b O LI R D, T NS Y OARERT, TOME ERIcERT S
YA o UDEHET B EHR L





