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Cadmium (Cd) accumulation and elimination were assessed in the tissues of the clam R.
philippinarum at four experimental concentrations (control, 10, 20, 100, and 200 pg/L) over an
exposure period of 2 weeks and an elimination period of 1 week. Cd accumulated in the
digestive gland, gill, and residual clam tissues, and accumulation increased with time of exposure
and concentration (100 and 200 pg/L). After 2 weeks of Cd exposure, the order of Cd
accumulation in tissues was gill > digestive gland > residual tissues. An inverse relationship was
observed between concentration factor (CF) and exposure level, but the CF showed an increase
with exposure time. During the depuration period, Cd concentrations in the digestive gland, gill,
and residual tissues decreased immediately on the cessation of exposure, except in individuals at
the 200 pg/L concentration. The Cd elimination rate from tissues decreased in the order of
digestive gland > gill > residual tissues during the depuration period.
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Introduction

Toxic heavy metal pollutants are increasingly being
released into the environment as a result of industri-
alization. As a consequence, trace metals such as Cd
have induced toxic effects in aquatic organisms. Cd is
a nonessential metal that is widely distributed in the
marine environment and that has severe toxic effects
on aquatic animals when present in excessive
amounts (Sorensen, 1991). Generally, Cd has adverse
effects on the growth, reproduction, and osmore-
gulation of marine organisms. Moreover, Cd can
cause various deleterious biochemical alterations in
mollusk tissues, such as decreased activities of some
enzymes and enhanced lipid peroxidation (Roesijadi
and Robinson, 1994).

Marine animals can bioaccumulate metals from
seawater, suspended particles, and sediments and
through the food chain, and metal accumulation in
marine organism tissues is dependent upon the rate of
uptake, route, storage, and elimination (Blackmore,
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2001). Metal accumulation and elimination studies
are important from the point of view of health
protection and the assessment of the toxicological
effects of different metallic contaminants, allowing
for the determination of the self-cleansing ability of
contaminated organisms.

Bivalve mollusks are filter-feeding organisms that
are known to accumulate high concentrations of trace
metals in their tissues, and they are widely used as
bioindicators for pollution in marine environments
(Regoli and Orlando, 1994). They have a number of
properties that make them wuseful sentinels for
chemical pollution: they have wide geographical
distribution, are stationary, and are normally the
dominant species in their habitat. In addition, they are
capable of withstanding baseline levels of pollution
and are abundant in estuaries where much human
contact with the aquatic environment occurs
(Sheehan and Power, 1999). Moreover, because
bivalves are an important food resource and a major
ecosystem component, it is important to assess the
effect of Cd on these shellfish.

The Manila clam Ruditapes philippinarum is an

324



Cadmium Accumulation and Elimination in the Manila Clam 325

economically important food shellfish in Korea that is
commonly aquacultured throughout the Korean
coastal region (Park et al., 2006). Despite its
importance, relatively little information is available
on the effect of metals on this species, particularly
waterborne Cd exposure. Therefore, the aims of the
present study were to investigate the Cd accumulation
and elimination in clams that results from subchronic
waterborne Cd exposure.

Materials and Methods

Experimental organisms and treatment

Manila clams R. philippinarum were collected in
July 2005 from a clam farm in Go-heung, Korea. The
clams were acclimatized for five days in a semi-static
system. After acclimatization, clams (shell length:
35.81£2.51 mm, body weight: 10.40+2.16 g) were
selected for the experiments. Fifty clams were
separated into 50 L control and test tanks. The
animals in the test tanks were exposed to different
sublethal concentrations of cadmium sulfate at 10, 20,
100, and 200 pg/L (CdCl,, Sigma Chemical, St. Louis,
MO) for 2 weeks. After that, clams were transferred
to clean seawater for 1 week. The experimental clams
were maintained and tested under laboratory
conditions in a 12:12 h light:dark cycle for further
studies. Seawater was changed every 48 hours, and
water quality was measured every 2 days during the
experimental periods. The condition index (CI) of the
clams was calculated as CI=fresh flesh weight (g)x
100/shell weight (g) according to Mann and Glomb
(1978).

Cadmium analysis

The gill, digestive gland, and residual tissues were
sampled every week for analysis of metal con-
centrations. Ten clams were removed from each test
concentration and control tank. The weight and total
length of each individual were recorded, and the gill,
digestive gland, and residual tissues (adductor muscle,
foot, and siphon) were sampled for Cd analysis. Gill
and residual tissues were rinsed with 0.6% NaCl to
remove any fine particulate matter, and the digestive
gland was rinsed with 0.6% NaCl to remove any
undigested food and feces. Tissue samples were
freeze-dried at -80°C for 10 days using a freeze-dryer
and were kept in a refrigerator until further analyses.
Dry tissue was digested with 1:1 HNO; (Suprapur
grade, Merck, Germany), and samples were fumed to
near dryness on a hotplate at 120°C overnight. After
digestion, the residue was dissolved in 20 mL of 0.2N
HNO; and kept in a refrigerator until analysis for

trace metal. Cd concentrations in clam tissues were
measured using an ICP-MS (Elan 6000, Perkin-
Elmer) and were expressed as pg/g dry wt. Quality
controls were made using strand reference material
(BCR-CE278) from the Institute for Reference Mate-
rial and Measurements. These reference materials
were treated and measured using the same procedures
as the samples, and results showed good analytical
efficiency within certified values (certified: 0.348+
0.13 pg/g; observed: 0.32310.03 pg/g; recovery:
92.8%). Concentration factor (CF) is often used to
compare the body burden of an organism with the
degree of contamination of water. The following
definition is used here: CF={[Me]ex,—[Me]contror} /
[Me]seawatera Where [Me]exps [Me]comrol: [Me]seawater are
the metal concentrations in the experimental, control,
and exposure seawater groups, respectively. Elimina-
tion rate (%) is defined as the percentage decrease
from initial value (after 2 weeks).

Statistical analysis

Data are expressed as meansEstandard error
(SEM). All statistical analyses were performed using
the SPSS/PC" statistical package. Prior to analysis, all
data were tested for homogeneity of variances among
groups using the Bartlett test. Comparisons of nor-
malized data between control and treatment groups
were made using one-way analysis of variance
(ANOVA) followed by Duncan's multiple com-
parisons test of mean values if significant differences
were found (P<0.05).

Results

Accumulation of cadmium in clams

No mortality occurred as a result of dietary Cd
exposure throughout the experimental period. No
differences were observed in the CI of exposed clams
compared with controls (Fig. 1). Exposure to Cd
induced significant Cd concentrations in the clam. Cd
that accumulated in the digestive gland, gill, and
residual tissues of R. philippinarum as a function of
exposure time and exposure concentration are shown
in Fig. 2. Cd accumulation in the digestive gland at
high exposure concentrations (100 and 200 pg/L) was
significantly increased with exposure period and
concentration over the 2 week experimental period
(P<0.05). Relatively low concentrations were obser-
ved in the digestive gland compared with those in
other tissues, and Cd concentration values were
16.45+8.50 pg/g and 26.17+£5.49 pg/g at 100 and
200 pg/L, respectively. No significant Cd accumula-
tion occurred in the digestive gland of clams exposed
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Fig. 1. Changes in the condition index (CI) of the
clam Ruditapes philippinarum exposed to Cd for two
weeks, followed by a depuration period of one week
(mean+SE). Values in column with the same super-
scripts are not significantly different.

to 10 and 20 pg/L.

The Cd accumulation profiles of gill tissue de-
pended on waterborne Cd concentration and exposure
period (Fig. 2b). Although the profile of Cd
accumulation in the gill was similar to the digestive
gland profile, Cd accumulation in gill tissue was
about an order of magnitude higher than that in
digestive gland and residual tissues. During the first
week, Cd concentration values increased sharply,
reaching values of 41.82+26.99 ng/g and 88.93+
25.88 ug/g (6 and 13 fold increases compared with
control) at 100 and 200 pg/L, respectively. At the end
of the exposure, Cd concentration values were
103.214£26.25 pg/g and 186.78+106.08 pg/g at 100
and 200 pg/L. Cd exposure, respectively, and were
approximately 17 and 32 times higher than con-
centrations in the control group. No significant Cd
accumulation occurred in the gill tissues of clams
exposed to 10 and 20 pg/L Cd.

During Cd exposure periods, Cd accumulation in
the residual tissues of clams at high exposure con-
centrations (above 100 pg/L) increased significantly
after 1 week (Fig. 2c¢). After 2 weeks of exposure, the
Cd concentrations in residual tissues were 30.27+
7.36 pg/g and 44.3617.36 ng/g for clams exposed to
100 pg/L and 200 ug/L Cd, respectively. Conversely,
Cd accumulation in clams exposed to 10 and 20 pg/L
was not significantly different from that of the control
during the 2 weeks of waterborne exposure. After 2
weeks of Cd exposure, the order of Cd accumulation
in organs was gill > digestive gland > residual tissues.
The accumulation factors are presented in Fig. 3 for
the digestive gland, gill, and residual tissues at 10, 20,
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Fig. 2. Cd accumulation and elimination in the
digestive gland, gill and other tissues of the clam
Ruditapes philippinarum, exposed to Cd for two
weeks, followed by a depuration period of one week
(mean £SE). *and **indicate a significant differrence
from control and *group (P<0.05).

100, and 200 pg/L Cd exposure. The accumulation
factors were increased with exposure period in the
digestive gland, gill, and residual tissues. An inverse
relationship was observed between the accumulation
factor and exposure concentration at 1 week. Al-
though the accumulation factor in clams exposed to
concentrations over 100 pg/L increased with time, it
did not increase with exposure concentration.

Elimination of cadmium from clams

Cd elimination data from the digestive gland, gill,
and residual tissues of R. philippinarum exposed to
10, 20, 100, and 200 pg/L Cd are presented in Fig. 2.
During the depuration period, Cd concentration in the
digestive gland, gill, and residual tissues decreased
slowly on the cessation of exposure at 100 ug/L, and
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Fig. 3. Concentration factor (CF) over time in the
digestive gland, gill and other tissues of the clam
Ruditapes philippinarum exposed to 10, 20, 100 and
200 pg/L Cd, respectively (mean+SE).

the elimination rates from the digestive gland, gill,
and residual tissues at the end of the depuration
period were 41.22%, 17.39%, and 15.92%, respect-
tively. However, the Cd concentration values in the
digestive gland, gill, and residual tissues of clams
exposed to 200 ug/L. increased during depuration
periods to 35.24+15.79 pg/g, 319.50+87.61 ug/g and
51.28+14.36 pg/g, representing increases of appro-
ximately 95, 66, and 27 times over the control,
respectively. The order of Cd elimination from tissues
during the depuration period was digestive gland >
gill > residual tissues. Cd accumulation in the diges-
tive gland, gill, and residual clam tissues increased
with the time of exposure and with concentration
over 100 pug/L, and the elimination rate decreased at
exposures below 100 pg/L. In the 10 and 20ug/L Cd
exposure groups, Cd concentration remained constant
during the depuration period (Fig. 3) and did not vary
significantly (P<0.05).

Discussion

Exposure to sublethal Cd induced significant
differences in Cd concentration in clams. Metal con-
centrations in aquatic animal tissues are dependent
upon exposure concentration and duration, as well as
other factors such as salinity, temperature, interacting
agents, and the metabolic activity of tissue (Roesijadi
and Robinson, 1994). Moreover, it is known that
metal accumulation in marine organism tissues
depends on the rate of uptake, route, storage, and
elimination (Blackmore, 2001). Cd accumulation in
the gill, digestive gland, and residual clam tissues
increased with exposure period and concentration
during the 2 weeks of Cd exposure. Choi et al. (2007)
found that Cd accumulation in the organs of the
bivalve Laternula elliptica changed with exposure
time and concentration. Similar results have been
reported in other studies of Cd exposure in bivalves
(Bebianno et al., 1994; Blasco and Puppo, 1999).
Bivalve species including oysters, mussels, and clams
are commonly used as biomonitors for the evaluation
of trace metal pollution in the marine environment
(Boening, 1999). Many bivalve mollusks have been
utilized in the biomonitoring of metal pollution in
aquatic ecosystems, and measuring accumulation is
the most common method of using these species in
biomonitoring (Zhou et al., 2008). Different bivalve
species accumulate metals in different concentrations
from a given environment because of their diverse
accumulation and detoxification strategies (Black-
more, 1998). Therefore, it has been suggested that
bicaccumulation is an important process through
which trace metals can affect marine organisms, and
more chemical-specific studies of Cd are necessary to
understand the dynamic process of bioaccumulation
and to critically consider the assessment of risk.

Generally, gills are physiologically complex and
structurally delicate, and thus they are an important
target for waterborne toxicants. This is possibly
because the gill has direct contact with the aquatic
environment. Moreover, the amount of mucus on the
gill surface increases during metal exposure, which
may contribute to higher metal concentrations on the
gill surface (Reid and McDonald, 1991). In this study,
the Cd accumulation profile of gill tissue depended
on the waterborne Cd concentration and exposure
period (Fig. 2b). Although the profile of Cd accumu-
lation in gill tissue was similar to the digestive gland
profile, Cd accumulation in gill tissues was appro-
ximately an order of magnitude higher than that in the
digestive gland and residual tissues. Holwerda et al.
(1989) proposed that gills are the major site for Cd
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uptake from waterborne exposure in the freshwater
mussel (4nodonta anatina) because of their large
surface area and the immediate accumulation of any
administered dose. As a possible mechanism, it is
proposed that the large surface area of the gill and the
gill mucus, which may act in ion exchange, con-
tribute to the high metal concentrations found in gill
tissues. Lekhi et al. (2008) suggested that the
accumulation of dissolved Cd in oysters is a two-step
process. Dissolved metals are taken up directly by
shellfish and other aquatic organisms through
exposed body surfaces, such as gills. Once in the gill,
Cd can be redistributed to other internal organs before
being eliminated by the kidneys and liver, or
accumulated in association with metallothioneins
(MTs). This perhaps explains why Cd levels in the
gill tissue were significantly higher than were those
in other clam tissues during the initial phase.

The digestive gland is where the majority of metal
absorption occurred, and it showed a greater degree
of Cd accumulation in mussels because of its large
surface area in contact with Cd during waterborne
exposure (Blasco and Puppo, 1999). However, the
order of Cd accumulation in tissues in that study was
gill > residual tissues > digestive gland after 2 weeks
of Cd exposure. Amiard et al. (1989) proposed that
the gills are a short-term storage organ, whereas
absorption through the digestive gland leads to an
accumulation of toxic metals for a longer time. A
similar pattern of Cd transport from clam (R.
decussatus) gills to digestive glands for storage after
14 days of Cd exposure has been reported (Bebianno
et al., 1994). Moreover, Das and Jana (1999) pro-
posed that Cd uptake by different tissues was not
from a single source such as the hemolymph,
implying that no common uptake pattern between
organs exists, and gill uptake occurs through direct
absorption from water. Nair and Robinson (2000)
suggested that the primary mechanism of Cd transfer
is from the blood plasma to various tissues. Also,
lysosomes are important organelles in which metals
are sequestered in mollusks, and digestive cells are
considered one of the richest sources of lysosomes.
The MTs and complex metals such as Cd are
transported to the lysosomes, either for long-term
storage or for subsequent elimination (Marigémez et
al., 2002). Although little literature is available to
explain the kinetics of these processes, it may be that
Cd 1s regulated through the digestive gland and
redistributed in the body by transport in the
hemolymph, and that the target organs for Cd vary
strongly with species and exposure condition (e.g.,
exposure concentration and duration).

In the present study, the CFs increased with expo-
sure period in the digestive gland, gill, and residual
tissues. An inverse relationship was observed bet-
ween accumulation factor and exposure concentra-
tions at 100 and 200 pg/L. Similar patterns in
accumulation factor were also shown for amphipods
(Shuhaimi-Othman and Pascoe, 2007) and freshwater
mussels (Das and Jana, 1999) exposed to Cd.
DeForest et al. (2007) reported statistically significant
inverse relationships between animal bioaccumula-
tion factors for a variety of metals in both saltwater
and freshwater environments, and suggested that
multiple metal and species specific mechanisms are
potentially responsible for an inverse relationship
between accumulation factor and exposure con-
centration. Thus, Cd accumulation in the clam was
strongly influenced by exposure period and con-
centration, and the ability of clams to accumulate Cd
agreed with the tissue accumulation order. Moreover,
the determination of CF in various tissues suggested
the highest accumulation in the gills, followed by
residual tissues and digestive glands.

Factors such as time, temperature, interacting
agents, age of organisms, metabolic activity, and
biological half-life of the metal influence the elimina-
tion of metals from the tissues of organisms (Nielsen
and Andersen, 1996). In this study, Cd concentrations
in the digestive gland, gill, and residual tissues
increased during the depuration period in the 200
ug/L exposure group and were approximately 34%,
71%, and 15% higher, respectively, than concentra-
tions measured during the exposure period (Fig. 2).
However, Cd concentration remained constant or
slightly increased at exposures below 100 pg/l, and
did not vary significantly (P<0.05). Das and Jana
(1999) suggested that the rate of Cd elimination from
mussels was strongly influenced by the amount of
initial accumulation in the tissue, perhaps because Cd
climination was mediated through diffusion processes
following a well defined potential gradient from
tissue to water. Shuhaimi-Othman and Pascoe (2007)
found that, in amphipods, essential metals (Cu and
Zn) were eliminated rapidly, whereas no significant
elimination of a nonessential metal (Cd) occurred
during depuration periods. Kuroshima et al. (1993)
suggested that once Cd is taken up by the body, it is
difficult to excrete because of the slow elimination of
Cd bound strongly to ligands. Viarengo et al. (1985)
suggested that the biological half-lives of metals in
mussels are related to the differential capacities of the
cells to eliminate metals bound to the binding sites of
MTs. Moreover, much higher Cd burdens in mussel
tissues such as gill may be related to the slower cell
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turnover and/or deposition of insoluble metal
granules in the extracellular space and connective
tissues of these organs (Zaldibar et al., 2004).
Additionally, Yap et al. (2003) suggested two reasons
why the levels of metals in different tissues of the
mussel Perna viridis are not similar after depuration
periods. First, different soft tissues have differential
affinities or binding capacities of MTs. Second,
different tissues have different physiological and
regulatory functions. Thus, the rate of Cd elimination
from the bivalve was strongly influenced by the
initial Cd accumulation in the tissues and by the slow
elimination of Cd that is strongly bound to ligands in
clam tissues.
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