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Abstract To characterize the target organs of the Manila
clam Ruditapes philippinarum for use in environmental
study, the accumulation of trace metals and three bio-
markers was measured in different organs. Exposure with
Cu and Pb carried out under laboratory conditions revealed
a linear uptake of metals throughout the experimental
period in each tissue. In particular, significant increase
was observed in gills and mantle. The increase of intracel-
lular reactive oxygen species showed the great potential of
gills as a target tissue for both Cu and Pb exposure. The
highest activity of glutathione S-transferase and their rela-
tive increase in activity were also observed in gills.
Metallothionein-like protein levels, however, increased
greatly in the digestive gland and mantle during Cu and
Pb exposure, respectively, although all tissues, except the
foot, showed significant changes after 24 h of metal

exposure. In the field study, the highest concentration of
metals was recorded in the gills andmantle, accounting for
over 50 % of the total accumulated metal in all sites.
Additionally, Cu and Pb increased significantly in these
two organs, respectively. However, the order of accumu-
lation rate in laboratory exposure was not concomitant
with those of the lab-based study, suggesting that different
routes of metal uptake and exposure duration induce dis-
tinct partitioning of metals and regulating system in
R. philippinarum. These series of exposure studies dem-
onstrated that gills, mantle, and digestive gland in
R. philippinarum are potential target tissues in environ-
mental monitoring study using metal concentrations and
biomarkers.
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Introduction

The trace metal pollution inmarine ecosystems has been
of great concern due to the increased anthropogenic
release of metals into the environment. Metals can be
easily assimilated into the aquatic organisms from the
water and sediment by the means of food web (Alibabić
et al. 2007; Burger et al. 2007). Once a trace metal has
been assimilated by the aquatic organism, it cannot be
easily degraded or excreted (Reynoldson 1987; Tessier
and Campbell 1987), although some metals can be
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regulated by specialized mechanisms for detoxification
(Rainbow and Dallinger 1993; Bonneris et al. 2005).
Thus, the transfer and accumulation of metals to higher
trophic level organisms through food web has repercus-
sions for the entire aquatic ecosystem (Chen et al. 2000).
To study trace metal pollution in aquatic environments,
quantitative analysis of trace metals in organisms has
been considered a principle and simple method to assess
the pollution levels associated with bioavailability
(Boening 1999; Fernández-Tajes et al. 2011; Ra et al.
2011). Moreover, the use of organisms to monitor the
level of trace metals in marine environments allows
comparison of the levels of trace metals over space
and time (Rainbow 1995). For example, the Mussel
Watch Program initiated in 1986 by the National Oce-
anic and Atmospheric Administration has supplied am-
ple information on bivalve health in local and regional
environments (Maruya et al. 2013).

Furthermore, another current and promising approach
associated with pollution assessment and environmental
monitoring includes biomarkers that measure the subcel-
lular effects of organisms exposed to pollutants (De Luca-
Abbott et al. 2005; Valavanidis et al. 2006; Choi et al.
2011; Won et al. 2012). Biomarkers widen our knowledge
on toxic effects of various pollutants on marine organisms
in their natural environment by providing valuable infor-
mation on metal bioavailability (Depledge et al. 1995).
Recently, the transplantation experiments have also been
considered as a useful method to evaluate environmental
pollution and its biological impact (Martel et al. 2003;
Gaber et al. 2008; Ra et al. 2011). For example, the results
obtained using caged mussels and clams in the assessment
of environmental pollution gradient areas were more reli-
able compared to other approaches used in previous stud-
ies (Martel et al. 2003; Ra et al. 2011).

Many field studies have demonstrated the potential
of bivalves as sentinel organisms to assess pollution
levels in marine environments (Rainbow 2006). The
Manila clam, Ruditapes philippinarum, a commercially
important food resource, is widely distributed in inter-
tidal regions along the western coast of Korea (Ahn et al.
2006). Moreover, their distribution in sediments and
feeding habit associated with filter feeding allow their
use as good indicator species for pollution monitoring in
both the sediment and water in coastal areas (Ahn et al.
2006; Choi et al. 2011). Accumulation of trace metals in
soft tissues of Manila clam, studied at several sites in
Korea, demonstrated that this species is a suitable model
for assessing spatial distribution of metals in coastal

areas (Ahn et al. 2006). Furthermore, a significant in-
crease in total amount of trace metals was observed in
the Manila clam exposed to polluted sites in our previ-
ous long-term exposure test (Ra et al. 2011). In fact,
many studies with R. philippinarum had reported the
suitability of biomarkers for pollutant monitoring (De
Luca-Abbott et al. 2005; Martín-Díaz et al. 2007; Ra
et al. 2011; Won et al. 2012). However, a small study on
R. philippinarum identified the target organs that can be
utilized for trace metal monitoring using biomarker in
the environment.

In relation to metal accumulation and biomarker
studies using aquatic organisms, limited results have
been obtained from the total soft body, although it has
been reported that muscle tissue, compared to other
tissues such as liver, kidney, and gill tissues, usually
has low levels of trace metals (Jezierska and Witeska
2006). Hence, there was no clear trend in metal accu-
mulation in total soft tissues. Similarly, no significant
correlation in Pb concentration between the whole fish
and specific organs has been reported in both herring
and perch (Boalt et al. 2011).

Thus, the aim of this study was to identify a candidate
organ of R. philippinarum for bioaccumulation of trace
metals and a biomarker in biomonitoring studies. First, this
was conducted in lab-based exposure tests. The Cu and Pb
were selected as target elements based on the previous
studies that showed high concentrations of the two ele-
ments in the sediment and the exposed clams (Ra et al.
2011). Next, the newly accumulated metals,
metallothionein-like protein (MTLP) levels, activity of
glutathione S-transferase (GST), and reactive oxygen spe-
cies (ROS) levels were analyzed from seven different
organs (gill, mantle, digestive gland, siphons, adductor
muscle, and foot) of the metal-exposed R. philippinarum
to identify potential organs suitable for biomarker study.
Additionally, the transplantation exposure was conducted
to compare accumulation of eight elements (chrome, Cr;
cobalt, Co; nickel, Ni; copper, Cu; zinc, Zn; arsenic, As;
cadmium, Cd; and lead, Pb) in different organs.

Materials and methods

Test organism

Individuals of the Manila clam were gathered from the
Sunjae Island, located off the west coast of Korea, and
sorted by size (length range 31.2–36.3 mm, average
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32.7 mm). For in-situ incubation, 50 specimens were
moved directly to each site by installing cages. For ex-
posure test under laboratory conditions, R. philippinarum
were transferred to the laboratory and were maintained at
artificial seawater (18 °C, 30 practical salinity units, pH
7.8–8.0) until it used for lab exposure test (4 days) for
adaptation.

Experimental procedure of the lab exposure test

Thirty individuals were exposed to three concentrations
of Cu and Pb (0.1, 0.5, and 2 mg/L) spiked seawater
(20 L, pH 7.8–8.1, 18 °C) for 24 h under laboratory
condition. The short exposure and high doses were
selected based on our recent study that showed no
significant increase in metals after a short-term water-
borne exposure (Won et al. 2012). The exposure con-
centrations were sublethal and determined according to
our previous research (unpublished data). Standard so-
lutions, Cd(NO3)2, 2–3 % HNO3, 1000 mg/L Cd and
Pb(NO3)2, 2–3%HNO3, 1000mg/L Pb, (Merck, Darm-
stadt, Germany) were used as stock solutions for water
spike. After 24-h exposure, clams were collected to
analyze metal content, GST activity, MTLP content,
and ROS levels.

Experimental procedure of the in-situ exposure

The clams gathered from the pristine areas were placed
in cages and transplanted into three different sites in the
Lake Shihwa, the polluted environment located in the
west coast of Korea (Fig. 1). Fifty specimens were
placed in each cage and incubated for 8 weeks. Every

2 weeks, ten individuals were gathered. Six individuals
were used to measure metal accumulation.

Trace metal analysis

For metal analysis, Manila clam were dissected to seven
different tissues: gills, siphon, adductor muscle, mantle,
foot, and digestive gland, using a plastic knife. Each tissue
was cleaned with distilled water and freeze dried. The
homogenized dried samples were completely digested
with suprapure HNO3 (Merck, Germany) at 180 °C for
24 h (Ra et al. 2011). After digestion, samples were dried
and dissolved with 2 % HNO3 following the protocol
described by Ra et al. (2011). Metal concentration was
measured using an inductively coupled plasma mass spec-
trometer (Thermo Elemental X7; Thermo Scientific, Wal-
tham, MA, USA). For quality control of metal analysis,
SRM2976 (mussel tissue from the National Institute of
Standard and Technology, USA) and ERM CE-278 (mus-
sel tissue from the European Reference Materials) were
used as a reference material (Online resource 1).

Biomarkers

Dissected organs from three individuals were homoge-
nized and analyzed for biomarkers duplicates (three indi-
viduals were pooled for each sample). The activity of GST
and the level of MTLPs in Cu- and Pb-exposed
R. philippinarum were measured following the spectro-
photometric methods as described in previous studies
(Regoli et al. 1997, Viarengo et al. 1997, Won et al.
2012). For GST analysis, GST assay kit (Sigma Aldrich,
St. Louis, MO, USA) was used following the

Fig. 1 Study sites for in-situ
transplant exposure test. Map of
the three sites in the Shihwa Lake,
Korea
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manufacturer’s protocols with minor modification. Briefly,
the four volumes of sample buffer (product code S2444,
SigmaAldrich) were used as a homogenizing buffer. Then,
the homogenized samples were centrifuged at 18,000×g
for 90 min to eliminate cellular debris. The supernatants,
cytosol fraction, were used to evaluate enzyme activity.
Finally, GST activity was assayed as the increase in absor-
bance at 340 nm due to the conjugation of glutathione to 1-
chloro-2,4-dinitrobenzene (final concentrations of each re-
gent were 10 mM) using kinetic analysis of a spectropho-
tometer. The MTLP contents were measured spectropho-
tometrically by measuring the absorbance of cysteine at
412 nm. Briefly, the dissected organs from three clams
were homogenized individually in buffer (1/4:w/v) with
0.5M sucrose, 20mMTris–HCl (pH 8.6), 6μM leupeptin
(SigmaAldrich) and 0.5mMphenylmethylsulphonyl fluo-
ride (PMSF, Sigma Aldrich) as antiproteolytic agents and
0.01 % β-mercaptoethanol (Sigma Aldrich) as a reducing
agent, respectively. The homogenates were then centri-
fuged at 30,000×g for 20 min. The supernatant was treated
with ethanol/chloroform. For 1 mL of each supernatant,
1.05 mL cold ethanol and 80 μL chloroform were added.
The sampleswere centrifuged at 6000×g for 10min (4 °C),
and the supernatantswere reactedwith 37%HClwith cold
ethanol. For precipitating, the samples were kept at freezer
(−20 °C) for 1 h and centrifuged (6000×g, 10 min, 4 °C).
The MTLP-containing pellet was washed with 87 % eth-
anol and 1 % chloroform in a homogenizing buffer to
remove soluble thiols. Then, the pellet was centrifuged
and totally dried under N2 gas. Ellman’s regent (DTNB,
5,5-dithiobis-2-nitrobenzoic acid, pH8) was added to the
sample, and the absorbancewasmeasured at 412 nmusing
a spectrophotometer. Glutathione was used as standard.

Eight specimens were used to measure ROS levels in
tissues for each concentration of metals. Dissected tis-
sues (gill, siphon, foot, mantle, digestive gland, and
adduct muscle) from four specimens were pooled and
homogenized in cell lysis buffer. The analysis was re-
peated ten times for each tissue (each treatment, n = 8).
Cellular ROS levels were measured by ROS assay kit
(OxiSelect™ Intracellular ROSAssay Kit, Cell Biolabs,
INC.) following manufacturer’s protocols.

Data analysis

The increments of metal concentrations and ROS levels
were expressed as single values calculated from the
mean value. The increment was calculated as follows:

Increment %ð Þ ¼ Cf −Ci
Ci � 100,

where Cf and Ci indicate the final and initial levels, re-
spectively, of trace metals and ROS in R. philippinarum.

The results are expressed as means (standard devia-
tion, 1σ). The homogeneity of variance was conducted
according to the Levene’s test. Data were analyzed using
one-way analysis of variance, followed by Tukey’s hon-
estly significant difference test (p < 0.05). All statistical
analyses were performed using SPSS® version 12.0
software (SPSS Inc., Chicago, IL, USA).

Results and discussion

Accumulated trace metal and the biomarkers
in a short-term lab exposure test

Cu and Pb, the most accumulated elements in the pre-
vious in-situ study (Ra et al. 2011), were tested in a
short-term exposure test. During the experiment,
R. philippinarum exposed to seawater spiked with Cu
and Pb did not show any acute toxic symptoms. Treat-
ments of clam with these two elements increased the
levels of both elements in all tissues in a dose-dependent
manner (Fig. 2, Online resource 2). These results dem-
onstrated that the potency of Manila clam for

Fig. 2 The increment (%) of Cu and Pb concentrations relative to
initial levels in the six different tissues of Ruditapes philippinarum
exposed to metal-spiked seawater
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accumulation of significant amounts of trace metals
from adjacent environment as either essential or nones-
sential elements. Interestingly, the trend of organ-
specificity measured by the levels of accumulated
metals in each tissue is observed with following se-
quences: gills > mantle > adductor muscle > siphon =
foot > digestive gland. Generally, the gills and mantle of
bivalves are easily exposed to ionic metals as they are
composed of mucous layers correlated with ion-
exchange and their close contact with the surrounding
water contributes to greater and faster accumulation
(Saha et al. 2006; Sakar et al. 2008). Thus, in the
freshwater bivalve P. grandis, waterborne exposure to
Cd induces significant partitioning of Cd into the gills,
while dietary exposure affects the intestine (Copper
et al. 2010). In rainbow trout, waterborne Cd exposure
also caused much higher accumulation of Cd in the gills
compared to the levels observed in dietborne exposure,
as indicated by higher concentrations of Cd in the liver,
kidneys, and intestinal tissues (Szebedinszky et al.

2001). Thus, the different levels of accumulated metals
observed in Cu- and Pb-exposed R. philippinarum sug-
gest that the pollutants partitioning in the environment
can be one of the reasons for different trends of metal
accumulation in their tissues.

In the six different organs of R. philippinarum, the
ROS levels increased after exposure to both Cu and Pb
in a dose-dependent manner, suggesting that oxidative
stress condition was induced by Cu and Pb exposure
(Fig. 3). Furthermore, the increased GST activity in
some organs of R. philippinarum demonstrates the acti-
vation of the defense system for regulation of oxidative
conditions in Cu and Pb exposure (Fig. 4a). The initial
ROS levels in each organ decreased in the following
order: siphon > digestive gland > gills > mantle > foot >
adductor muscle (Fig. 3a). However, the relative in-
crease of ROS levels under Cu and Pb exposure was
significantly different (Fig. 3b) among the tissues. Si-
phon, the organ that had the highest level of ROS
showed no significant modulations during both Cu and

Fig. 3 a Effects of Cu and Pb (0, 0.1, 0.5, and 2 mg/L) exposure
on reactive oxygen species (ROS) levels in Ruditapes
philippinarum. Different letters indicate significant differences at

p < 0.05. b The increment (%) of intracellular ROS levels in
R. philippinarum exposed to three different concentrations of Cu
and Pb
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Pb exposure, while the gills showed the most sensitive
alterations in the net increasing levels of the ROS up to
fourfold those observed in the adductor muscle
(Fig. 3a). Interestingly, the highest activity and signifi-
cance modulations of GST were observed in the gills
and mantle (gills for Cu, gills and mantle for Pb)
(Fig. 4a). These results suggest that, due to the specific
activities of gills, they are the first organs to be exposed
to metals and the main organ involved in metal circula-
tion in this species.

MTLP levels, however, increased greatly in the di-
gestive gland and the mantle during the Cu and Pb
exposure, respectively, and all tissues, except the adduc-
tor muscle, showed significant changes in MTLP levels
after the 24-h exposure (Fig. 4b). Previous studies have
used diverse organs of bivalves for detecting physiolog-
ical changes in environmental monitoring. For example,
the expression of acetylcholine esterase in response to
pesticides was examined in the adductor muscle of
Manila clams due to its systematic function and ease

of dissection (Choi et al. 2011), while the digestive
gland was a target for measuring some antioxidant en-
zymes in R. philippinarum when evaluating metals and
nonylphenols (Won et al. 2012). The digestive gland is
significantly involved in both metabolisms and detoxi-
fication of metals (Bonneris et al. 2005). The differences
in biomarker responses suggested that diverse mecha-
nisms are involved in the defense of R. philippinarum
against metal exposure. These results can be applied in
ecotoxicological studies using this species.

Trace metal accumulation in in-situ exposure test

The uptake of the eight different elements was deter-
mined in R. philippinarum incubated at three different
polluted sites for 8 weeks. During the 8 weeks of incu-
bation, the concentrations of each element increased in a
time-dependent manner in all three sites (Online re-
source 3). In many studies, bivalves have been regarded
promising candidates for indicator species of the

Fig. 4 Effects of Cu and Pb (0, 0.1, 0.5, and 2 mg/L) exposure on glutathione S-transferase (GST) activities (a) and metallothionein-like
protein (MTLP) levels (b) in Ruditapes philippinarum. Different letters indicate significant differences at p < 0.05
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pollution (Boening 1999; Fernández-Tajes et al. 2011).
Particularly, studies conducted in Korea found that
R. philippinarum are partially effective sentinel organ-
isms as their metal concentration paralleled that of their
adjacent environment (Ahn et al. 2006; Ji et al. 2006). In
our previous study, however, R. philippinarum reared in
metal-polluted sediment did not show any significant
changes in the short-term exposure test conducted under
laboratory conditions (Won et al. 2012). Thus, the sig-
nificant accumulation of trace metals observed over the
4 to 6weeks of incubation suggested that at least 4weeks
are required for R. philippinarum to accumulate signif-
icant levels of metals in a polluted area.

The increment in metal concentrations was also cal-
culated at three different sites (Fig. 5). The increments
were in variable ranges, in the order of ten to hundreds,
according to the type of element. Among the tested
elements, Cu and Pb have significantly increased in the
8-week-long in-situ transplantation. Furthermore, the net
accumulation rates of all the elements were the highest in
R. philippinarum transplanted to site A, located in the
upper region of Lake Shihwa, thus corroborating

previous result on environmental monitoring conducted
in this area (Kim et al. 2003; Ra et al. 2011).Many studies
have reported that the upper region of this artificial lake is
more polluted with metals and other emerging pollutants
compared to the adjacent regions due to the simultaneous
inflow of nonpoint source pollutants (Kim et al. 2003; Ra
et al. 2011; Won et al. 2012). Particularly, high increment
of Cu and Pb in the gills andmantle, over 200% in site A,
was in accordance with chemical results reporting con-
siderable pollution of this area by Cu and Pb (Won et al.
2012). Thus, the results obtained in this study clearly
showed that R. philippinarum reflect the environmental
conditions, paralleling the contamination gradient at the
three sites. Furthermore, the results also suggest that
R. philippinarum have the ability to accumulate metals
in their specific tissues and as such this species can be
used as a metal monitoring species in marine ecosystems.

Many studies have focused on the total soft tissues of
bivalves to measure pollutants accumulated in their body
(Romero-Ruiz et al. 2003; Gabr et al. 2008). In this study,
however, there was no significant increase for most of the
elements in the adduct muscle and foot, while their

Fig. 5 The increment of metal concentrations relative to the initial levels in the six different tissues of Ruditapes philippinarum transplanted
in three different sites of Lake Shihwa, Korea
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accumulation in the gills and mantle was approximately
50 % higher than the total accumulation. The correlation
efficiency between accumulated metal concentrations and
incubation time in each organwas significantly higher than
those of compared in total metal concentrations and expo-
sure time in clams (Table 1). In particular, nickel has a high
explanation power in the siphon and mantle (correlation
efficiency >0.8), although it was not significant in the
correlation between the total accumulated concentrations
and exposure time. Similarly, in other bivalves such as
Crassostrea virginica, Sanguilonaria acuminata, Anadara
granosa, Meretrix meretrix, and Pelecyora trigona, the
gills have accumulated considerable amounts of metals
(Sarkar et al. 2008; Luxama et al. 2010). Furthermore, in
bivalves, the adductor muscle is considered a poor indica-
tor of metal monitoring, with low absorptive and secretory
function and lower levels of metals compared to other
tissues (Sarkar et al. 2008). In clams transplanted to site
A, the mantle accumulated the highest levels of metal
(69 %) compared to the initial levels, followed by the gills
(49 %), siphon (36 %), digestive gland (27 %), foot
(29 %), and adduct muscle (21 %). However, the order
of the accumulation rate among the different tissues was
not concomitant with those observed under laboratory
conditions, in which the digestive gland and foot exhibited
the lowest accumulation rate. These results are indicative
of different exposure routes and exposure times between
in-situ and laboratory conditions.

Interestingly, the gills of R. philippinarum at site A of
the study area accumulated some Cd (Fig. 6). This is in
accordance with a previous study, which reported that
freshwater bivalve Pyganodon grandis has a great poten-
tial to accumulate Cd in their gills due to the presence of
the metal-binding protein, metallothionein, with specificity
to Cd (Wang et al. 2011). It has been proposed that the
element-specificity and organ-specificity of metal-binding

proteins (e.g., MTLPs) determine the allocation of accu-
mulated metals in organisms (Dallinger et al. 1997). Al-
though the present study did not assess MTLPs in the in-
situ conditions, we conclude that species-specific and
element-specific results explain the different accumulation
levels observed in R. philippinarum.

The field and laboratory experiments presented herein
show that the gills, mantle, and digestive gland of
R. philippinarum have a greater ability to accumulate trace
metals and therefore are the promising candidates for target
organs for measuring biomarkers in a short-time exposure.
Particularly, the mantle and gill showed great potential for
accumulation of Cu and Pb in both laboratory and field
conditions. Additionally, we observed that accumulated
Cu and Pb contents through water phase (laboratory
short-term exposure test) can be easily partitioned to mus-
cle parts, including the foot and adductormuscle, than field
exposure test that might suggest mixed exposure condi-
tion, both water and dietborne exposure. The results from

Table 1 Correlation efficiency between incubation time and accumulated metal concentrations at site A

Cr Co Ni Cu Zn As Cd Pb Remarks

Total 0.845** 0.496** 0.164 0.841** 0.637** 0.518** 0.652** 0.713** Ra et al.(2011)

Gills 0.691** 0.609** 0.670** 0.951** 0.494** 0.777** 0.706** 0.818** In this study
Siphon 0.547** 0.504** 0.825** 0.857** 0.534** 0.524** 0.650** 0.681**

Digestive grand 0.635** 0.485** 0.642** 0.617** 0.629** 0.307* 0.800** 0.619**

Mantle 0.658** 0.484** 0.782** 0.825** 0.802** 0.784** 0.699** 0.888**

Foot 0.776** 0.389* 0.487** 0.810** 0.610** 0.680** 0.775** 0.693**

Adductor muscle 0.213 0.271 0.703** 0.520** 0.401** 0.316 0.410* 0.452**

*p < 0.05 and **p < 0.01

Fig. 6 Relative composition of eight metals in different tissues
from transplanted clam at site A (highly polluted site)
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this study contribute to our knowledge and understanding
of the potential ofManila clam asmetal monitoring species
in coastal areas.
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