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Tolerance, bioaccumulation, biotransformation
and excretion of arsenic compounds by the fresh-
water shrimp (Neocaridina denticulata) and the
killifish (Oryzias latipes) (collected from the
natural environment) were investigated.
Tolerances (LCs,) of the shrimp against disodium
arsenate [abbreviated as As(V)], methylarsonic
acid (MAA), dimethylarsinic acid (DMAA), and
arsenobetaine (AB) were 1.5, 10, 40, and
150ug As ml~', respectively.

N. denticulata accumulated arsenic from an
aqueous phase containing 1 ng Asml™" of As(V),
10 ug As ml~' of MAA, 30 pg As ml~' of DMAA or
150 ug Asml™' of AB, and biotransformed and
excreted part of these species. Both methylation
and demethylation of the arsenicals were observed
in vivo. When living N. denticulata accumulating
arsenic was transferred into an arsenic-free
medium, a part of the accumulated arsenic was
excreted. The concentration of methylated arseni-
cals relative to total arsenic was higher in the
excrement than in the organism.

Total arsenic accumulation in each species via
food in the food chain

Green algae (Chlorella vulgaris)
— shrimp (N.denticulata)
— Kkillifish (0. latipes)

decreased by one order of magnitude or more, and
the concentration of methylated arsenic relative to
total arsenic accumulated increased successively
with elevation in the trophic level. Only trace
amounts of monomethylarsenic species were
detected in the shrimp and fish tested.
Dimethylarsenic species in alga and shrimp, and
trimethylarsenic species in Killifish, were the pre-
dominant methylated arsenic species, respectively.
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INTRODUCTION

A number of books and review articles discuss
arsenic and its transformation in the environ-
ment. Particular mention should be made of one
book, Arsenic." The third Spurenelement-
Symposium resulted in a useful volume, Arsen,?
as did a symposium sponsored by the Chemical
Manufacturers Association and the National
Bureau of Standards, Arsenic: Industrial,
Biomedical, Environmental Perspectives.® and the
First Arsenic symposium sponsored by the
Japanese Arsenic Scientists Society (JASS),
Arsenic: Chemistry, Metabolism and Toxicity.*
The JASS symposia resulted in successive
volumes as special issues of Applied
Organometallic Chemistry.*”’

Fowler has edited a book devoted to the bio-
logical and environmental effects of arsenic.®
Other books and journals contain chapters of
interest’ and some useful reviews have
appeared. '

Arsenic compounds in the marine environment
are described in many books and reviews as
shown above, but those in the freshwater environ-
ment are described in only a few.

There seems to be a significant difference in
level and chemical forms of arsenic between ter-
restrial and marine organisms. Terrestrial orga-
nisms rarely contain more than 1pug Asg™' (dry
weight), whereas arsenic contents of marine orga-
nisms range from several micrograms per gram to
more than 100 ug As g~'."" The source of arsenic
in marine ecosystems is, of course, inorganic
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As(V) and sodium arsenite [abbreviated as
As(1II)] dissolved in seawater; the concentration
is generally constant at around a few micrograms
of arsenic per liter in all the sea areas. Arsenic
concentrations in unpolluted rivers, ponds and
lakes are also of the parts-per-billion (1/10°; ppb)
order, but the concentrations are, however,
greatly affected by the circumstances.

The transformation of arsenic compounds by
organisms in a marine food chain has been stu-
died by many researchers.'™® However, only a
few experimerits have been conducted in fresh-
water systems. We reported the transformation of
inorganic arsenic compounds in freshwater food
chains starting from autotrophs (microalgae,
Chlorella vulgaris,”* > and Phormidium sp™)
through grazers (zooplankton, Moina
maciocopa,”™  and  herbivorous  shrimp,
Neocaridina denticulata®) to carnivores (goldfish,
Carassius carassius auratus,” and guppy, Poecilia
reticulata®™**).  These experimental results
showed that the total arsenic concentration in
each species decreased by one order of magnitude
and the relative concentration of methylated arse-
nicals to total arsenic, on the contrary, increased
successively with an elevation in the trophic
levels.

This paper presents the tolerance, accumu-
lations, transformation and excretion of As(V),
MAA, DMAA and AB dissolved in the water
phase by a shrimp (Neocaridina denticulata).
Bioaccumulation of As(V) by the green alga
(Chlorella vulgaris) and biotransformation via a
three-step freshwater food chain (from the auto-
troph, C. wvulgaris, through the herbivorous
shrimp, N. denticulata, to the carnivorous Killi-
fish, Oryzias latipes) were investigated. The latter
two organisms were collected from the natural
environment at Kagoshima, Japan. This experi-
mental three stage food chain is closer to the
natural freshwater ecosystem than those pre-
viously reported.?"*

MATERIALS AND METHODS

Culiture of organisms

The organisms tested were cultured or fed under
the following general conditions.

Autotrophic green alga (Chlorella vulgaris)
Living algal cells (6 mg in dry base) of C. vulgaris,
which was isolated from an arsenic-polluted

environment,?* was placed in & 1-litre modified
Detmer medium [KNO; 1.0g, CaCl, 0.1g,
MgSO, - TH,0 0.25 g, NaCl 0.1 g, K,HPO,0.25 g,
FeSO, - TH,O 0.02 g, H;BO; 2.86 mg,
MnCl, - 4H,0O 1.81 mg, ZnSO,-7H,O 0.22 mg,
CuSO, - 5H,0 0.08 mg, Na,MoQ, 0.021 mg, pure
water 1 litre, pH 8; abbreviated as MD medium]
containing a set amount of As(V) (calculated as
elemental arsenic using Na,HA:0, - 7H,0). The
culture was kept at 25-30°C under constant
aeration (21min~') and illumination (4000 Ix,
12 h day™') for the set number of days (about one
week). The cells were harvested by centrifugation
(3000g, 10 min), washed by mixing with distilled-
deionized water and separated by centrifugation,
and this procedure was repeated twice or more.
The washed wet cells were dried at 60°C for 24 h
and then at 105°C until they gave a constant
weight.

Optical density (at 640 nm) of the living cell
suspension was found to be preportional to the
cell weight concentration, so that growth of the
cell (g dry weight cell/litre medium) was obtained
by determining the optical density of the culture.

Herbivorous shrimp

A shrimp (Neocaridina denticulata, about 1.5 cm
in length) was collected from a ratural stream in
Kagoshima Prefecture.” The shrimp was fed with
a basic diet (Tetrafin, manufactured in Germany)
in aerated dilute modified Detmer medium (1
part of the medium, 49 parts of distilled water).
The shrimp was harvested by a ret, washed with
pure water and dried at 60 °C to constant weight.
It was fed with the dried powder of arsenic-free
C. vulgaris for five days before the food-chain
experiment.

In the food-chain experiment, the shrimp was
fed with the dried powder of the arsenic-
containing C. vulgaris, the shrimp thereby
accumulating arsenic.

Carnivorous killifish

A killifish (Oryzias latipes, wild-type, about
2.5cm in length) was collected from a natural
stream in Kagoshima Prefecture. The killifish was
fed with Tetrafin in aerated dilute modified
Detmer medium (1 part of medium, 49 parts of
distilled water). The killifish was harvested,
washed with pure water and dried at 60°C to
constant weight. It was fed with the dried powder
of arsenic-free C. vulgaris for five days before the
food-chain experiment.
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In the food-chain experiment, the killifish was
fed with the dried powder of the N. denticulata
which had accumulated arsenic via C. vulgaris.

Determination of total and methylated
arsenic compounds

For the determination of total arsenic in orga-
nisms, the dried organisms (10-20 mg) were
mineralized in the presence of magnesium nitrate,
the ash was dissolved in 10 mol 1! hydrochloric
acid (10 mi) with 40% aqueous potassium iodide
solution (1 ml), the solution was extracted with
chloroform (5ml), the chloroform phase was
back-extracted with 0.02% aqueous magnesium
nitrate solution (2 ml), and the aqueous phase
was analyzed by graphite furnace atomic absorp-
tion spectrometry (GF AA). Disodium arsenate
[Na,HAsO, - TH,O; As(V)] was used as an auth-
entic sample for total and non-methylated arsenic
species.

For the determination of methylated arsenic
compounds, the dried organism (ca 10 mg) was
digested with 2 mol "' NaOH (5 ml) at 90-95 °C
for 3 h using an aluminum heating block (hot base
digestion). Methylated arsenic compounds in the
digest were reduced with 20% NaBH; in
0.1mol1"" NaOH (5ml) to the corresponding
arsine compounds. The arsines generated were at
once frozen out in a liquid-nitrogen U-trap. Upon
warming the U-trap, the arsines were borne out
of it successively, passed through a quartz tube
atomizer and determined chromatographically
using an atomic absorption spectrometer on the
basis of the difference in the boiling points of the
arsines [b.p. AsH; —55°C, CH;AsH, 2°C,
(CH,),AsH 35-6°C (747 mmHg), (CH,);As 52°C
(736 mmHg)].

MAA, DMAA and AB were used as authentic
samples for the generation of monomethylarsenic
(MMA), dimethylarsenic (DMA) and trimethyl-
arsenic (TMA) compounds, respectively. These
three methylated compounds (MAA, DMAA
and AB) were degraded into monomethyl-,
dimethyl- and trimethyl-arsine oxides upon hot
base digestion, and then hydrided to
monomethyl-, dimethyl- and trimethyl-arsines,
respectively, on treatment with borohydride.”
Non-methylated arsenic (abbreviated as IA) con-
centration was calculated as total arsenic minus
the sum of methylated arsenic:

[IA =Total As— (MMA + DMA +TMA)].

The concentrations of all arsenic compounds are
expressed units of pg Asg™'.

The absolute detection limits for total and
methylated arsenic in the single injection were
0.5 ng and 5 ng, respectively. Coefficients of vari-
ation for the total and methylated arsenic were
below 5% and 10% respectively.

RESULTS AND DISCUSSION

Accumulation of arsenic from the water
phase by shrimp (N. denticulata)

Five shrimps were each fed for seven days with
the dried powder of arsenic-free C. vulgaris in
diluted MD (1:50) media (500 mi) containing
As(V) (0.1, 0.5, 1, 1.5 and 2 ug Asml™ '), MAA
(1, 5, 10 and 12 pg Asml~ '), DMAA (1, 10, 20,
30, 40 and 50 ug Asml™'), and AB (1, 100, 150
and 200 ug Asml™').

No shrimp could survive in media containing
arsenic higher than 2ug Asml™' for As(V),
2pug Asml™' for MAA, 50pugAsml™' for
DMAA, and 200 pg As ml™' for AB. Tolerances
(LCsx) of the shrimp against As(V), MAA,
DMAA, and AB were 1.5, 10, 40, and
150 ug As ml™', respectively. LCs, is defined here
as the arsenic concentration at which two or three
of the five shrimps did not survive after 5-7 days’
exposure. This result means that the toxicity of
the arsenicals for N. denticulata decreases with an
increase in the number of methyl groups bonded
to arsenic. Similar results were reported for
experimental animals.?

The arsenic-dosed shrimps were harvested,
washed with pure water, dried at 60°C to con-
stant weight, ground into powder and analyzed
for total and methylated arsenics. Experimental
results for total arsenic and relative proportion of
arsenic species accumulated in the shrimps are
illustrated in Figs 1 and 2, respectively. Data for
the experiment on As(V) accumulation (Fig. 1a)
are quoted from our previous paper.™

Experimental results in Fig. 1 show that total
arsenic concentration accumulated by N. denticu-
lata nearly always increased with an increase in
arsenic concentration in water for the four arsenic
species, and that the higher the methylation of
arsenicals administered to N. denticulata, the
higher was the total arsenic concentration accu-
mulated in the organism. These results imply that
highly methylated and less toxic arsenic species
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Figure 1 Total arsenic concentration accumulated by shrimp (N. denticulata) from the water phase containing (a) disodium
arsenate [As(V)], (b) methylarsonic acid (MAA), (c) dimethylarsinic acid (DMAA) and (d) arsenobetaine (AB).

pass more easily through the membrane of the
digestive organ of N. denticulata and are more
accumulated by the cell tissues than less methy-
lated and higher-toxicity arsenicals.

When N. denticulata was exposed to As(V)
(Fig. 2a), the relative proportion of non-
methylated arsenicals (IA) was within 70-90%:
about 10-30% of arsenic accumulated was bio-
methylated. The predominant methylated arseni-
cals were dimethyl (DMA) and trimethyl (TMA)
arsenic compounds. When N. denticulata was
exposed to MAA (Fig. 2b), 10-20% of the accu-
mulated MAA was further methylated to DMA
and 20-40% of that was demethylated to IA.
When exposed to DMAA (Fig. 2¢), no methyla-
tion occurred, but 10-60% of accumulated DMA
was demethylated to IA. When exposed to
1 ug As ml~' of AB (Fig. 2d), about 40% of accu-
mulated AB was demethylated to DMA and 20%
of it was demethylated to IA. When exposed to
AB concentrations higher than 100 ug Asmi™,
however, little demethylation occurred.

These experimental results show that N. denti-
culata both methylated and demethylated arsenic
accumulated from the water phase, and dimethyl
and trimethyl arsenic species were the preferabie
forms for the shrimp.

Excretion of arsenic by shrimp (N.
denticulata)

Eight shrimps were each fed for seven days with
the dried powder of arsenic-frece C. vulgaris in
four diluted MD (1:50) media (500 ml) contain-
ing arsenic species: As(V), 1 ug Asml™'; MAA,
10 ug Asml™'; DMAA, 30 ug Asml™'; and AB,
150 ug As mi~".

The arsenic-dosed shrimps were harvested and
rinsed with pure water, and four shrimps were
dried at 60°C to constant weight, ground into
powder and analyzed for total and methylated
arsenic species. The remaining four living shrimps
were transferred together into an arsenic-free
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Figure 2 Relative proportion of arsenic species accumulated by shrimp (N. denticulata) from the water phase containing (a)
disodium arsenate [As(V)], (b) methylarsonic acid (MAA), (¢) dimethylarsinic acid (DMAA), and (d) arsenobetainc (AB):
g1 1A B MMA; Z, DMA; [~], TMA.

medium (500 ml) and fed with the dried powder  water, dried at 60 °C to constant weight, ground
of arsenic-free C. vulgaris for five days. The  into powder and analyzed for total and methy-
shrimps were harvested and washed with pure  lated arsenics, and the medium into which arseni-

Table 1 Excretion of arsenic from shrimp (N. denticulata) which had been exposed to
disodium arsenate {As(V)] for one week®

Arsenic accumulated and excreted: ug Asg™! (%)

As Total IA® MMA-* DMA! TMA®

Arsenic in N. denticulata 34.1 30.0 —f 2.7 1.4
(88.0) (7.9) 4.1

Arsenic excreted into water  13.3 5.9 1.9 2.1 3.4
(44.3) (14.3) (15.8) (25.6)

®N. denticulata was exposed to 1 pg Asml™' of As(V) for one week and transferred into
arsenic-free water for five days, and arsenic species excreted in the water were analyzed.
®IA, non-methylated arsenic species.

“MMA, monomethylarsenic species.

¢DMA, dimethylarsenic species.

*TMA, trimethylarsenic species.

"Not detected.
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Table 2 Excretion of arsenic from shrimp (N. denticulata) which had been exposed to

methylarsonic acid (MAA) for one week®

Arsenic accumulated and excreted; ug Asg ™' (%)

As Total IAP MMAP DMAP TMAP

Arsenic in N. denticulata 66.5 12.8 46.3 6.8 0.6
(19.3) (69.6) (10.2) (0.9

Arsenic excreted into water  18.2 2.7 6.4 3.5 5.6
(14.9) (35.1) (19.3) (30.7)

“N. denticulata was exposed to 10 pg Asml ™' of MAA for one week and transferrcd into
arsenic-free water for five days, and arsenic species excreted in the water were analyzed.

PIA, MMA, DMA, and TMA: see Table 1.

cals were excreted from the shrimp was also
analyzed for total and methylated arsenic species.

Experimental results are shown in Tables 1-4,
which show that the predominant arsenic species
accumulated in the shrimp were the same species
originally dissolved in the aqueous phase. When
arsenic-dosed shrimps were transferred into
arsenic-free  water, 13.3 (39%) out of
34.1pg Asg™', 18.2 (27%) out of 66.5ug Asg™',

48.6 (24%) out of 201 ug Asg~ ' and 171 (7.6%)
out of 2253 ug Asg™' were excreted from the
shrimps which had been pre-exposed to As(V),
MAA, DMAA, and AB, respectively. The
amount of excreted arsenic increased with an
increase in the degree of methyiation of the arse-
nic species dosed. On the other 1and, the excre-
tion ratio decreased inversely.

Comparing arsenic species in the cells with

Table3 Excretion of arsenic from shrimp (N. denticulata) which had been exposed to

dimethylarsinic acid (DMAA) for one week®

Arsenic accumulated and excreted; ug As g ' (%)

As Total IAP MMA" DMA" TMA®

Arsenic in N. denticulata 201 25 — 115 61
(12.4) (57.4) (30.2)

Arsenic cxcreted into water 48.6 11.0 1.8 15.3 20.5
22.7) 3.7) (31.5) (42.1)

* N. denticulata was exposed to 30 ug Asmi™ ' of DMAA for one week and transferred into
arsenic-free water for five days, and arsenic species excreted in the water were analyzed

"IA, MMA, DMA, and TMA: see Table 1.
‘., Not detected.

Tabled Excretion of arsenic from shrimp (N. denticulata) which had been exposed to

arsenobetaine (AB) for one week®

Arsenic acumulated and excreted, pg As/g (%)

As Total MMA" DMAP TMA"

Arsenic in N. denticulata 2253 — 82 2130
(1.8) (3.6) (94.5)

Arsenic excreted into water 171 6.8 23.1 107 34.1
(4.0) (13.5) (62.5) (19.9)

* N. denticulata was exposed to 150 ug As mi ' of AB for one week and transferred into
arsenic-free water for five days. and arsenicals excreted in the water were analyzed.

PTA, MMA, DMA. and TMA: scc Table 1.

¢—, Not detected.
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Figure3 Accumulation and transformation of arsenic by
killifish (O. fatipes) from water containing different levels of
disodium arsenate [As(V)]: BB IA; . MMA; B4, DMA; [-],
TMA.

those in the excrement, a drastic increase in the
relative proportion of methylated arsenic species
in the excrement was observed in Table 1. The
increase of TMA in the excrement is worthy of
notice. Similar results were obtained on excretion
of arsenic from C. vulgaris” and Klebsiella
oxytoca.™

Table 2 shows that the relative proportion of
MMA in the excrement was one-half of that in the
shrimp and those of DMA and TMA in the
excrement were considerably larger than those in
the shrimp. In Table 3, the relative proportion of
DMA in the excrement decreased; TMA, MMA
and IA increased, on the contrary. In Table 4,
about 80% of total arsenic excreted was demethy-
lated and the predominant arsenic species in the
excrement was DMA.

These experimental data indicate that accumu-
lated inorganic arsenic and MAA are biomethyl-
ated up to DMA and TMA, being less toxic
arsenic species, and are excreted in those forms.
IA and MMA are excreted but the less toxic
arsenic species (DMA and TMA) are preferen-
tially excreted. Demethylation of arsenic species
especially in the excrement was observed in this
experiment, but it is not clear at the present stage
of our investigation whether the demethylation is
mediated by the shrimp itself or by bacterial
contamination in the shrimp.

CH,

CH3— /}IS *CHZ 0.

HO OH
Arsenosugars (1)

0 —CH,CHCH,R

OH

Accumulation of arsenic({V) from the
water phase by killifish (O. Jatipes)

Five carnivorous killifish (O. latipes) were each
fed with the dried powder of arsenic-free C.
vulgaris in a diluted MD (1:50) medium (500 ml)
containing 0, 1, 5, 10, 15, 20 and 25 pug As(V) m1™!
for seven days. The killifish did not survive in a
medium containing 25 ug As(V) ml~'. The toler-
ance (LCs)) of the killifish against As(V) is
20 ug As(V) ml~'. Figure 3 shows experimental
results on the accumulation and biomethylation
of As(V) by the killifish.

From Fig. 3, total arsenic accumulation in kitli-
fish increased with an increase in arsenic concen-
tration in the aqueous phase in a similar manner
to that in shrimp. About 20-40% of accumulated
arsenic was methylated to MMA, DMA and
TMA. The predominant methylated arsenic spe-
cies was MMA. These experimental results show
that carnivorous killifish also can take arsenic
directly from the aqueous phase and partially
biomethylate it. These results are essentially the
same as those for shrimp, but the proportion of
methylated arsenic in killifish was a little higher
than in shrimp. Organisms at the higher trophic
level may have a larger capacity for biomethyla-
tion.

Biotransformation of arsenic(V) in the
food chain: alga (C. vulgaris)— shrimp
(N. denticulata)— killifish (0. latipes)

The alga C. vulgaris was cultured in modified
Detmer medium containing 100 ug As(V) ml™!
for one week; the arsenic-dosed cells were har-
vested, washed with distilled water and dried to
constant weight. Five shrimps (N. denticulata:
1.5cm long, 10 mg dry mass each) were fed for
seven days with the arsenic-dosed dried alga
(arsenic concentration: 472 ug Asg™' dry mass;
about 4 mg dry mass per five shrimps a day; 28 mg
total) in aerated dilute MD medium (1:50), then
collected, and washed with distilled water. Five
killifish (O. latipes: 2.5 cm long, 50 mg dry mass
each) were fed for seven days with the dry powder
of the arsenic-dosed shrimp (arsenic concentra-
tion: 16.9ug Asg™' dry mass; about 5mg dry

CH,

CHy— A‘s+—CHQCOO'

Arsenobetaine (2)
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Table 5 Biotransformation of arsenic in the three-step freshwater food chain: green alga
(C. vulgaris)— shrimp (N. denticulata)— killifish (O. latipes)

Arsenic in organism. pg As g~ (%)

Accumulation

Organism route Total  Methylated® MMA® DMA® TMA®

C. vulgaris Water 472 57.6 14.2 43.4 —d
(100) (10.9) 2.7 (8.2)

N. denticulata  C. vulgaris 16.9 6.6 Trace 6.1 0.4
(100) (39.1) () (36.1) 3.0)

O. latipes N. denticulata 0.5 0.4 Trace Trace 0.4
(100)  (80) =) (=) (80)

4 C. vulgaris was cultured in modified Detmer medium containing 100 pg As(V) ml " for
one week, N. denticulata was fed for seven days with the dried powder of the arsenic-
dosed C. vulgaris, and O. latipes was fed for seven days with the dried powder of the

arsenic-dosed N. denticulata.

> Methylated: sum of MMA + DMA + TMA.

*MMA, DMA and TMA: see Table 1.
4, Not detected.

mass per five killifishes a day; 35mg total) in
aerated dilute MD medium (1:50), collected, and
washed with distilled water. These arsenic-dosed
organisms were analyzed for total and methylated
arsenic compounds. The experimental results are
summarized in Table 5, and the relative propor-
tion of arsenic species in the organisms are illus-
trated in Fig. 4.

Table 5 shows that total arsenic concentrations
in the organisms decreased by one order of mag-
nitude successively with an elevation in the tro-
phic level. On the other hand, the relative pro-
portion of methylated arsenic to total arsenic
compounds increased dramatically, as shown in
Fig. 4. Only trace amounts of monomethylarsenic

100

(<]
o

(=2
o

n
o

Relative proportion of arsenical
species (%)
b
o

Alga Shrimp
Food chain

Killifish

Figure 4 Relative proportion of arsenic species in the three-
step freshwater food chain, alga— shrimp— killifish: g, IA;
B. MMA; 2, DMA; 7§, TMA.

species were detected in the shrimp and fish
tested; and dimethylarsenic in alga and shrimp,
and trimethylarsenic in killifish, were the predo-
minant methylated arsenic species, respectively.
Trimethylarsenic was the only methylated arsenic
species detected in killifish. Similar results were
reported in our previous work using the following
food chains: C. vulgaris— Moina macrocopa—
goldfish (Carassius carassius avratus),” C. vulg-
aris— Moina  macrocopa— guppy  (Poecilia
reticulata)®* and Nostoc sp.—> shrimp (N. denti-
culata)— carp (Cyprinus carpic).” These results
indicate that lower trophic levels of organisms
have a greater ability to accumulate arsenic and
higher trophic levels of organisms have a greater
ability to methylate arsenic.

It is similarly observed in seawater ecosystems
that arsenic bioaccumulation decreased via the
food chain.” That is, arsenic concentrations are
not biomagnified in the aquatic food chain; this is
in striking contrast to other toxic heavy-metal
species such as mercury, methylmercury, lead,
tin, and so on.

However, the proportion of biomethylated
arsenic species in the higher levels of organisms in
this freshwater food chain is considerably differ-
ent from those in marine plants such as kelp and
marine animals. In the plants and animals in sea
ecosystem,” the greater part (>90%) of arsenic
accumulated is methylated, and the methylated
arsenic compounds are almost all in dimethyl- and
trimethyl-arsenic  compounds,  respectively.
Arsenosugars (1) and arsenobetaine (2) have
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been found most abundantly in marine plants and
marine animals respectively.

Biomethylation of arsenic by freshwater orga-
nisms was experimentally proved as mentioned
above. The original chemical structures of the
arsenic compounds present in the living cells of
the freshwater organisms, however, have not yet
been revealed. It is necessary for a consideration
of the biochemical pathway of arsenic methyla-
tion to reveal the original chemical forms of the
methylated arsenic compounds in freshwater
organisms. This is now under investigation.
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