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“Capsule”: Prior exposure of mussels to one metal may alter the rates of bioaccumulation of other metals.

Abstract

To examine the Cd, Hg, Ag, and Zn accumulation in the green mussel Perna viridis affected by previous exposure to Cu, Ag, or
Zn, the dietary metal assimilation efficiency (AE) and the uptake rate from the dissolved phase were quantified. The mussel’s
filtration rate, metallothionein (MT) concentration, and metal tissue burden as well as the metal subcellular partitioning were also
determined to illustrate the potential mechanisms underlying the influences caused by one metal pre-exposure on the
bioaccumulation of the other metals. The green mussels were pre-exposed to Cu, Ag, or Zn for different periods (1-5 weeks)
and the bioaccumulation of Cd, Hg, Ag, and Zn were concurrently determined. Pre-exposure to the three metals did not result in
any significant increase in MT concentration in the green mussels. Ag concentration in the insoluble fraction increased with
increasing Ag exposure period and Ag ambient concentration. Our data indicated that Cd assimilation were not influenced by the
mussel’s pre-exposure to the three metals (Cu, Ag, and Zn), but its dissolved uptake was depressed by Ag and Zn exposure.
Although Hg assimilation from food was not affected by the metal pre-exposure, its influx rate from solution was generally inhibited
by the exposure to Cu, Ag, and Zn. Ag bioaccumulation was affected the most obviously, in which its AE increased with increasing
Ag tissue concentration, and its dissolved uptake decreased with increasing tissue concentrations of Ag and Cu. As an essential
metal, Zn bioaccumulation remained relatively stable following the metal pre-exposure, suggesting the regulatory ability of Zn
uptake in the mussels. Zn AE was not affected by metal pre-exposure, but its dissolved uptake was depressed by Ag and Zn pre-
exposure. All these results indicated that the influences of one metal pre-exposure on the bioaccumulation of other metals were
metal-specific due to the differential binding and toxicity of metals to the mussels. Such factors should be considered in using metal
concentrations in mussel’s soft tissues to evaluate the metal pollution in coastal waters.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

In biomonitoring programs using marine bivalves as
sentinel monitors of metal pollution, it is important to
appropriately interpret the observed metal tissue con-
centrations such that the real contamination history can
be accurately reflected by the monitoring data. Any
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factor potentially affecting metal bioaccumulation in
marine bivalves thus need to be carefully examined,
including the extrinsic conditions such as salinity
(Blackmore and Wang, 2003) and food composition
(Wang and Fisher, 1996), and the intrinsic conditions
such as the biochemical or physiological changes as
induced by the history of metal pre-exposure (Black-
more and Wang, 2002). Among the effects caused by
various external and internal factors, the influences of
metal pre-exposure on metal bioaccumulation have
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received increasingly attentions in recent years (Boisson
et al., 1998; Wang, 2002, 2003).

In natural environment, marine organisms are
simultaneously exposed to a mixture of metals. Thus,
it is very likely that exposure to one metal may generate
influences on the bioaccumulation of other metals
(Amiard-Triquet and Amiard, 1998). For example,
Popham and D’Auria (1982) reported that the uptake
of Zn and Pb by the blue mussel Mytilus edulis
facilitated the Cu accumulation. Similarly, the concen-
tration of Cu in the same mussel species increased with
increasing Ag levels in the ambient seawater (Calabrese
et al., 1984). Fraysse et al. (2002) showed that Zn and
Cd + Zn mixture increased the Ag uptake by the Asiatic
clam Corbicula fluminea and the zebra mussel Dreissena
polymorpha. In a recent study, the green mussel Perna
viridis reduced its Cd uptake from the dissolved phase
following pre-exposure to Zn (Blackmore and Wang,
2002). These experimental evidences indicate that trace
metals may interact in their bioaccumulation, but the
physiological and biochemical mechanisms underlying
such interaction remain less well understood.

The influences of one metal pre-exposure on the
uptake of other metals may occur for those having
similar propensity in binding with the same type of
ligands. Such influences are metal-specific due to the
different underlying uptake mechanisms. For example,
we recently found that the assimilation efficiency (AE)
of Hg(Il) by the green mussels increased significantly
following pre-exposure to Cd for 5 weeks, presumably
as a result of Hg binding with the Cd-induced metal-
lothionein (MT) (Shi and Wang, unpublished). In
contrast, Ag uptake was not affected because it was
mainly bound with the insoluble compounds, such as the
sulfide complex in the mussels (George et al., 1986; Shi
et al., 2003). The similar chemical characteristics of Cd
and Zn lead to a close relationship in their assimilation
and dissolved uptake by different species of marine
bivalves (Chong and Wang, 2000; Wang, 2001).

The green mussel P. viridis has been used as
a biological monitor of metal pollution in tropical and
subtropical coastal waters (Phillips and Rainbow, 1988;
Chong and Wang, 2001). In this study, we quantified the
AE and the dissolved uptake rate of four metals (Cd,
Hg, Ag, and Zn) in the green mussels following pre-
exposure to three metals (Cu, Ag, or Zn) for different
durations and at different ambient concentrations. In
addition to examine the bioaccumulation of metals
following the pre-exposure to the same metals, we also
specifically investigated the interaction among the
different metals in their bioaccumulation by the mussels.
The mussel’s filtration rate was quantified to monitor
the possible toxic effects exerted by the metal exposure.
The MT concentration as well as the stable metal
subcellular distribution was determined to examine the
potential biochemical or physiological modifications

after metal pre-exposure. Meanwhile, the tissue metal
concentrations in the mussels were measured to evaluate
their effects on subsequent metal uptake. The four
metals (Cd, Hg, Ag, and Zn) examined in this study
generally share a similarity in binding with the sulfur
ligands such as the MT. Cu, Cd, and Hg have been
identified as MT-inducers in marine bivalves (Langston
et al., 1998) and are among the most toxic metals. We
did not quantify the Cu bioavailability in the mussels
due to the lack of suitable radiotracer (e.g., **Cu which
has a relatively short half-life, 12.71 h).

2. Material and methods
2.1. Mussel collection and metal pre-exposure

The green mussels P. viridis with a shell length of
about 3.5 cm were collected from Yuan Shu Au, Tolo
Harbour, Hong Kong. This collection site is uncontam-
inated by metals (Rainbow and Blackmore, 2001;
Blackmore and Rainbow, 2001). The mussels were
transported to the laboratory immediately after the
collection. Throughout the whole experimental period,
they were maintained in natural coastal seawater
collected from the Clear Water Bay, Hong Kong, at
23 °C and 30 psu with continuous aeration, and fed with
the diatom Thalassiosira pseudonana (clone 3H) at
a ration 1-2% of tissue dry weight per day. All the
mussels were acclimated to the laboratory conditions for
one week before the experiments described below.

In two independent experiments described below,
groups of mussels were exposed separately to different
concentrations of dissolved Cu (as CuSQ,4), Ag (as
AgNO3), or Zn (as ZnCl,) for different durations
(Table 1) in 601 polypropylene containers. During the
pre-exposure period (a total of 5 weeks), each day the
mussels were exposed to metal spiked seawater for 18 h
and fed the diatom 7. pseudonana in unspiked sea-
water for the remaining 6 h. In the control treatments,
the seawater was not spiked with the metals. In order to

Table 1
Perna viridis. Metal concentrations (ug L™") and exposure durations
(weeks) used in two pre-exposure experiments with the green mussels

Expt. Duration (wks) Metal concentration (g L")
Cu Ag Zn
1 1,3,5 1 _ _
4 _ _
15 - -
30 - -
2 1,3,5 - 0.3 10
- 3.0 100

For all the treatments, the mussels were directly exposed to the metals
in the seawater.
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keep the nominal metal concentrations relatively constant
during the pre-exposure period, the seawater in all ex-
posure treatments was renewed every other day. The mus-
sels were then sampled after 1, 3, and 5 weeks of exposure,
and the following measurements were conducted.

2.2. Metal concentration in soft tissues

For each treatment, five individual mussels were
sampled following 1, 3 and 5 weeks of pre-exposure for
quantification of metal concentration in the soft tissues.
The mussels were dissected and the soft tissues were
individually placed into acid-cleaned glass tubes. The dry
weights of the tissues were first determined by drying
them at 80 °C to constant weights. Afterward, concen-
trated Ultrapure HNO3 (69%, Aristar grade BDH Ltd)
was added to digest the dry tissues. The digests were
subsequently diluted with Nanopure water and the metal
concentrations were analyzed by Inductively Coupled
Plasma-Mass Spectroscopy (ICP-MS) (Perkin—Elmer,
Elan 6000). Random checks were made with a standard
reference material (1566A Oyster tissue, US Department
of Commerce, Technology Administration, National
Institute of Standards and Technology, Gaitherburg,
MD, USA) and agreement was within 10%. The stable
metal tissue concentrations were expressed as pg g~ dry
weight.

2.3. Stable metal fractionation

The subcellular distribution of accumulated metals in
the mussels pre-exposed to Ag or Zn was quantified
using a modified method of Wallace et al. (2003). At the
end of the pre-exposures, three replicated mussels from
each group were dissected and the wet weights of the
soft tissue were measured. Afterward, the soft tissue was
homogenized in 4 mL Tris buffer solution, and the
homogenate was centrifuged at 1450 g(15 min at 4 °C).
The pellets included tissue fragments and other cellular
debris (i.e., membranes and metal-rich granules—
MRG). The supernatant was further centrifuged at
100,000 g for 1 h at 4 °C to separate the cytosol and
proteins from the organelles (i.e., intracellular pellets
containing nuclear, mitochondrial and microsomal
fractions). Following heat treatment (10 min at 80 °C)
and ice-cooling (1h), the 100,000 g supernatant was
centrifuged again at 50,000 g for 10 min at 4 °C. The
supernatant contained the heat-stable proteins or metal-
lothionein-like proteins (MTLPs) and the pellets con-
tained the heat-sensitive proteins (HSPs) due to heat
denaturation. The organelles and the 1450 g pellets were
then combined as one fraction (as insoluble fraction, Ng
and Wang, 2004). The metal concentrations in the
insoluble fraction as well as the HSPs and MTLPs were
determined using the method described above, and were
expressed as pg g ' wet weight of the whole soft tissue.

The subcellular fractionation of Cu was not quantified
in Expt. 1 with the Cu pre-exposure.

2.4. Metallothionein (MT)

The MT concentration in the digestive gland of the
mussels was determined using a modified silver saturation
method (Scheuhammer and Cherian, 1986, 1991; Leung
and Furness, 1999). Three digestive glands were separated
from three individuals and the wet weights were de-
termined. The replicated tissues were then homogenized
and ultrasonicated individually in 4X volume of cold
0.25 M sucrose at 4 °C, followed by centrifugation at
20,000 g for 20 min at the same temperature. Sub-
sequently, 0.5 mL of the supernatant was mixed with
0.3 mL of 0.5 M glycine buffer and 0.5 mL of 20 pg Ag
mL~" mixed with radiotracer '""Ag (3.7 kBqmL™").
The mixture was incubated at room temperature for
10 min to saturate the M T with excessive Ag. The Ag not
bound with MT was then removed by adding 0.1 mL
rabbit red blood cell haemolysate, heating for 5 min at
100 °C and centrifuging for 5 min at 1200 g. The addition
of haemolysate, heating and centrifugation were repeated
twice. The supernatant obtained was further centrifuged
for 20 min at 20,000 g. The amount of Ag remaining in
the final supernatant was quantified for ''"Ag. The MT
concentration was calculated as 3.55 times the Ag
concentration and expressed as the pg g~ wet weight of
the digestive gland (Scheuhammer and Cherian, 1991).

2.5. Filtration rate (FR)

Eight mussels from each treatment were placed
individually into 1.5 L glass fiber filtered (GF/C) sea-
water within a polypropylene beaker. After the mussels
opened and pumped normally (usually within 10 min),
the diatoms 7. pseudonana (filtered from their growth
medium) were added to each beaker at a concentration of
10% cells mL~". The algal suspension in each beaker was
stirred by a magnetic stirrer. Immediately after adding
the algae, a 10 mL aliquot water sample was removed and
the cell density was counted using a Coulter Counter (Z1,
Coulter). Further water samples were taken at 20 min
and 40 min and the cell density was determined. After
the FR measurements, the mussels were dissected and the
soft tissues were dried at 80 °C overnight to measure the
dry weights. The FR was finally calculated as described in
Shi et al. (2003).

2.6. Metal assimilation efficiency (AE)

The metal AE was determined using the radioactive
pulse-chase feeding technique (Wang and Fisher, 1999).
The diatom T. pseudonana, grown in f/2 nutrients for N,
P, Si and vitamins, and f/20 nutrients for trace elements
minus Zn, Cu and EDTA, was radiolabeled with the
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isotopes ''™Ag, 19°Cd, *Hg(II), and ®Zn, as a mixture
for 4 days. After the radiolabeling, the uniformly
radiolabeled diatom cells were harvested by filtering
through a 3 um polycarbonate membrane and resus-
pending in 0.22 um filtered seawater. The resuspension
was performed twice to minimize the desorption of
radiotracers from the diatoms to the ambient waters
during the radioactive feeding period.

Mussels were placed into 500 mL of GF/C seawater
and the radiolabeled diatoms were added into each
beaker giving a cell density of 4-5 X 10* cells mL ™" after
the mussels opened and pumped normally. This cell
density was maintained by further additions at 10 min
intervals. Following 30 min of radioactive feeding, the
mussels were rinsed with clean seawater and assayed for
their radioactivity. In each group, five mussels were
placed separately into polypropylene beakers (180 mL
seawater) held in a 10 L enclosed recirculating flow-
through aerated seawater aquarium. Nonradioactive
T. pseudonana was fed twice daily at a ration of 1-2%
dry weight per day to depurate the initially ingested
radioisotopes. The radioactivity retained in the mussels
was counted over a 72 h depuration period at time
intervals from 3 to 12 h. Metal AE was determined as the
percentage of initial radioactivity retained in the animals
after 60 h of depuration. Feces were collected frequently
throughout the depuration period.

2.7. Metal uptake from the dissolved phase

The 0.22 um filtered seawater was spiked with the
radiotracers ''"MAg, '%°Cd,***Hg(II), and ®°Zn, as well as
the stable metals Cd (as CdCl,, 18 nM) and Zn (as ZnCl,,
77 nM), and allowed to equilibrate for 24 h prior to the
experiments. No stable Ag or Hg was added into the
water. The radioisotope additions were 3.7 kBqL™'
(corresponding to 0.3nM) for '°Cd, 9.25kBqL™!
(corresponding to 0.06 nM) for ®Zn, 3.7 kBq L™ (cor-
responding to 0.3 nM) for '*"Ag, 1.48 kBq L™ (corre-
sponding to 0.3 nM) for ***Hg(II). Eight mussels from
each group were carefully cleaned and then placed
individually in 200 mL of radioactive filtered seawater
for 1 h. This short-term exposure avoided the possible
decline of the mussels’ ventilating activity due to the
absence of food particles and minimized the decrease of
ambient metal concentrations. Following the exposure,
the mussels were dissected and the radioactivity of the soft
tissues was assayed. The soft tissues were finally dried at
80 °C overnight and the dry weights were determined.
The metal influx rate from the dissolved phase was
expressed asngg ' h™".

2.8. Radioassay and statistical analysis

Radioactivity was measured using a Wallac 1480 Nal
(T1) gamma detector (Wallac Turku, Finland). All counts

were related to standards and radioactive decay was
corrected. The gamma emission of '°Cd was determined
at 88 keV, **Hgat 258 keV, ''"Ag at 658 keV, and **Zn
at 1115 keV. Counting times were adjusted to yield a
propagated counting error <5%. Statistical analysis was
carried out by ¢-test or analysis of variance (ANOVA).
Statistical significance was accepted at p < 0.05.

3. Results

3.1. Soft tissue metal concentration, MT
concentration, and subcellular concentration

In general, the Cu and Ag concentrations in the
mussel’s soft tissue increased significantly with increas-
ing durations and concentrations of Cu (Table 2) or Ag
pre-exposures (Table 3). The Cu tissue concentrations in
the metal pre-exposed mussels were 1.2-4.2 times higher
than the controls. The increase in Cu tissue concentra-
tion was more significant in the two higher concentra-
tion treatments (15 and 30 ug L~', Table 2). In Expt. 2,
except for the 0.3 pg Ag L™ treatment after 1 week of
pre-exposure, the Ag tissue concentrations of all the
exposed mussels were significantly higher than those of
the controls (Table 3). Such increase was however not
obvious in mussels pre-exposed to Zn, except at the
highest Zn concentration (100 pgL~") after 3 and 5
weeks of exposure. At this concentration, the Zn tissue
concentration was elevated by 22-33% after 3—5 weeks
of pre-exposure (Table 3).

The MT concentrations in the digestive gland of
mussels pre-exposed to Cu were 1.53-2.92 pgg~' wet
weight, which was generally higher (but not statistically
significant) than those of the controls (Table 2). There
was no statistically significant difference in MT concen-
trations between the Ag- or Zn-exposed mussels and the
controls (Table 3). No relationship between the MT
concentration and the metal tissue concentration was
observed following either Ag or Zn pre-exposure.

The stable metal concentrations in different sub-
cellular fractions following Ag and Zn exposure are
showed in Fig. 1. There was generally no significant
difference in Zn partitioning among the different
subcellular fractions. Most Zn was concentrated in the
insoluble fractions (including cellular debris, organelles,
and metal-rich granule), and only a small amount of Zn
was found in the MTLP fraction. In contrast, the
association of Ag with the insoluble fraction increased
obviously following the Ag pre-exposure. The increase
was significant (p < 0.01) in the 3.0 ugL™" Ag treat-
ment after 1 week of exposure, as well as in the 3.0 and
0.3 ng L™' Ag treatments after 3 weeks of exposure. The
majority of Ag was distributed in the insoluble fraction
and negligible amount was found to in the HSP or
MTLP fractions.



Table 2

Perna viridis. Metal concentrations (mean + SD, n = 5) in the soft tissue, metallothionein (MT) concentration (mean + SD, n = 3) in the digestive gland, filtration rate (FR, mean + SD, n = 8),
metal assimilation efficiency (AE, mean + SD, n = 5), and metal influx rate from the dissolved phase (mean + SD, n = 8) of the green mussels following Cu pre-exposures

Duration Treatment Cu MT FR AE (%) Influx rate (ngg~'h™")

(wks) (ngg™h (ngg'ww) (Lg'h™h cd He Ag 7n cd He Ag 7n

1 C 5804 1.03 + 0.10 69+ 1.5 195+ 1.0 61.5+92 14.1 £ 4.7 189 £53 271487 50%x1.0 23.6 + 8.7 201.7 £+ 48.9
Cul 7.1 £03 1.97 £ 1.25 69 £ 1.5 243 4+49 359.6 +4.7 132 £ 6.7 156 +34 263+60 45%09 320+ 2.7 205.7 £ 31.1
Cu4 8.7 £ 1.4* 1.53 £ 1.07 4.5 & 1.4%* 200 +23 655427 17.7 £ 5.0 166 + 47 30886 56=%1.6 16.4 £ 4.4% 231.5 + 48.0
Cul5s 10.2 £ 1.3%* 2.03 +0.93 7.1 +25 226 +£9.0 627462 11.3+53 152 +39 326+76 42+12 6.3 + 1.0%**  226.5 + 49.6
Cu30 16.4 + 3.8%%* 1.97 + 0.76 3.9 £ 1.6%* 208 +2.5 665+ 42 21.1 £ 8.6 16.0 £2.0 263+49 49+0.6 6.1 + 2.1%*%* 2212 + 30.3

3 C 57+ 0.6 2.20 + 0.47 93+ 13 227 +7.7 597 +8.7 192 £ 6.3 259 +£50 283+87 62%14 233+ 33 356.5 £ 73.7
Cul 9.0 £ 1.6* 273+ 0.50 10.0 £ 2.0 188 + 53 60.0+ 3.2 19.3 + 8.6 260 £32 226+60 46+1.6 14.4 + 3.4%** 3351 + 63.6
Cu4 8.5+ 1.1* 2.09 + 1.12 7.1 + 2.1* 19.1 + 84 62.7+28 21.6 + 6.0 225429 243430 49+12 20.7 + 6.5 3309 + 81.5
Culs 10.1 £ 1.0%* 1.95 + 0.56 9.5+ 28 173+ 62 613 +6.2 19.2 +£ 6.0 219 £2.0 272485 47+%1.1 10.3 + 2.0%**  269.7 + 88.4
Cu30 224 + 6.1%%*% 292 4+ 0.46 4.0+ 1.2%** 1844+ 34 56.1 %09 26.1 +22*% 274+ 44 241 +49 3.8+ 0.9** 7.9 £ 2.4%**  263.1 + 71.3*

5 C 5.6 £ 0.3 1.82+049 106 £24 279 + 6.1 63.8 + 3.1 20.6 £ 7.2 254 +25 300%41 85£20 95+ 14 224.1 £ 67.4
Cul 8.8 + 0.5%* 1.99 +0.17 18.5 + 1.4%* 3224+ 69 584447 135+ 39 235+24 27.0+52 59+ 1.5% 91+ 18 241.5 + 108.8
Cu4 724+ 0.8 191 £ 0.17 158 + 5.0 318+ 9.5 61.8+75 1.5+ 1.9% 246+ 60 303+98 50+0.6%** 7.0 + 1.6%* 264.9 £+ 82.0
Culs 13.5 £ 4.9%* 198 +0.29 14.0 £33 278+ 50 657+9.7 13.0 £ 2.4 244 +£6.6 21.0E£49 42+ 0.5%** 5.5+ 1.5*¥** 2256 + 70.3
Cu30 23.7 £ 6.0%** 279 £ 0.51 144 +29 264 +9.8 6734+ 129 33.5+120 222454 208444 4.6+ 0.8%** 6.0 £ 1.8%* 225.8 £ 74.2

Significant difference from the respective controls is indicated by *p < 0.05, **p < 0.01, and ***p < 0.001. C: control. Numbers in the treatments are the Cu concentrations used in the exposure

treatment (see Table 1).

Table 3

Perna viridis. Metal concentrations (mean + SD, n = 5) in the soft tissue, metallothionein (MT) concentration (mean + SD, n = 3) in the digestive gland, filtration rate (FR, mean + SD, n = 8),
metal assimilation efficiency (AE, mean + SD, n = 5), and metal influx rate from the dissolved phase (mean + SD, n = 8) of the green mussels following Ag or Zn pre-exposures

Duration Treatment Ag Zn MT FR AE (%) Influx rate (ngg~'h™")

(wks) (ngg™) (ngg™ (ngg™'ww) (Lg'h™) He Ag 7n cd He Ag 7n

1 C 0.4 4 0.0 1100 £ 302 228+044 51+1.5 240+88 526+64 194436 234+64 323498 93 +12 98+27 2123+432
Ag0.3 0.61+0.2 - 326 £029 7.0+ 14 196 +64 574+ 84 278+ 59* 273+57 23.7+57 8.7+ 19 8.0+ 23  190.2 4+ 49.7
Ag3 1.6 + 0.6* - 2924011 40+ 14 21.7+42 59.8+4.1 327 4+ 3.5%* 285435 200+ 7.7 7.7+£23 74431 1779 + 56.3
Znl0 - 1149 £ 151 3.054£0.62 53+ 1.5 243+£62 594 +60 31.0+7.0%* 282+49 181 +2.9* 88+ 1.8 6.6 +1.9% 178.1 +31.3
Zn100 - 1248 £339 2424016 40+ 12 213+77 567+ 145 24.6+89  27.1 +3.7 1224+ 2.5%* 81+ 18 5.3 4 0.8%* 131.1 + 52.6%*

3 C 0.2 + 0.1 929 + 124 3574023 59+19 198454 560+89 134+47  339+85 274+64 93434 102 £3.7  216.1 & 54.4
Ag0.3 0.9 + 0.4* - 401 +0.15 62+16 282468 555+ 102 193+47 267+ 64 288 +83 9.6+ 24 8.8+ 26 22234487
Ag3 4.5 £ 0.7%%* - 376 £ 095 34+ 1.1 23.7+73 579 +63 27.5+7.3% 282+ 4.0 208 + 8.5 7.8 +£22 6.4+ 17 18724 52.3
Znl10 - 97.7 £21.6 4.09 +0.36 39+06 262486 61.0+79 189+47 327490 21.5+53  9.0+29 63+21 2195+ 716
Zn100 - 124.0 + 23.7* 4204030 3.7+09 244 +35 60.5+60 201458 23.6 £ 3.7 12.6 £ 3.2%%* 72409 63409 1199 + 35.7**

5 C 0.1 0.1 1194 4+ 134 1954045 52+13 188 +52 524485 11.7+28 272 +48 265+68 9.6+ 12 83409 246.1 + 60.6
Ag0.3 1.2 4 0.1%%* - 2374016 56416 160435 524+ 117 179 + 5.5 231425 31.14+42 7.7+ 18% 77+23 27234192
Ag3 6.6 £ 1.1%%* - 300 + 039 51+1.0 156+ 47 492+ 124 214 +33% 241479 192+ 6.6 55+ 12%* 59422  181.6 + 41.4*
Znl10 - 100.6 £25.2 457 £022 52420 1654+34 550+62 13.1+£40  356+75 23.74+79 7.54£09% 624 1.7 2257 + 438
Zn100 - 1454 4+ 18.5* 244 +£0.70 39 +08 19.5+26 520+ 75 175432 188 £ 6.5 149 + 1.3%% 554 1.0%* 55+ 14 1729 4 25.6*

Significant difference from the respective controls is indicated by *p < 0.05,

exposure treatment (see T

able 1).

**p < 0.01, and ***p < 0.001. C: control. Numbers in the treatments are the Ag or Zn concentrations used in the
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Fig. 1. Perna viridis. Concentrations of Ag and Zn in different subcellular fractions of mussels following Ag and Zn pre-exposure. HSP: heat-sensitive
protein; MTLP: metallothionein-like protein; insoluble: insoluble fraction including cellular debris, organelles, and metal-rich granules. Data are
mean + SD (rn = 3). C: control. Numbers in the legends are the Ag or Zn concentrations used in the exposure treatments (see Table 1).

3.2. Mussel’s filtration rate (FR), metal
assimilation efficiency (AE), and influx
rate from the dissolved phase

In Expt. 1, the FR was significantly inhibited (p <
0.01) in mussels pre-exposed to 4 (1 week of exposure)
and 30 pg Cu L' (1 and 3 weeks of exposure) (Table 2).
Surprisingly, no significant difference in FR was
detected in the 15ug CuL™!' treatment. The FRs of
the mussels increased slightly with increasing duration
of the pre-exposure. After 5 weeks of pre-exposure,
there was no significant difference of the FRs with the
controlled mussels (except for 1 pgCu L™ 'treatment),
indicating that the feeding activity of the mussels had
recovered. In Expt. 2, neither the Ag nor the Zn pre-
exposure resulted in any significant effect on the mussel’s
FR over the 5-week exposure period (Table 3). The FRs
in this experiment were generally lower than those
measured in Expt. 1.

The retention of metals in the mussels following
a pulse-chase radioactive feeding is shown in Figs. 2 and
3. The depuration of the unassimilated Cd, Ag and Zn
was generally fast within the first 12 h, after which the
Cd loss became much slower and somewhat constant
while Ag and Zn were continuously lost during the
remaining period. The depuration pattern of Hg was
different from the other three metals. The initial rapid
egestion of Hg occurred within the first 3 h following the
radioactive feeding, presumably due to the rapid passage
of unassimilated food materials. Subsequently, there
was almost no Hg loss from the mussels during 3-24 h,
which was immediately followed by a continuous but
more gradual loss. The calculated AEs of the four
metals are shown in Tables 2 and 3. Among the four
metals, the AEs of Hg were the highest and were rather
comparable among the different experiments. The AEs
of the other 3 metals (Ag, Cd, and Zn) were similar. The
AEs of Cd, Hg, or Zn in the mussels were not

significantly affected by pre-exposure to the 3 metals
(Cu, Ag, or Zn). The Ag AEs increased significantly in
mussels pre-exposed to 30 ug Cu L' at week 3, but the
difference with the control was relatively small (Table 2).
For mussels pre-exposed to Ag, the AE increased
significantly after 1 week of exposure (Table 3). In
addition, pre-exposure to 10pgZnL~' for 1 week
resulted in a significant increase in Ag AE (p < 0.05).

The uptake rates of Cd and Zn from solution by the
mussels were generally not affected by the Cu pre-
exposure (Expt. 1), with one exception (Zn influx after 3
weeks of exposure to 30 pg Cu L™!, Table 2). The influx
rates of Hg and Ag were however, reduced by the Cu
pre-exposure. Within the first 3 weeks of pre-exposure,
the reduction in Hg influx rate was only significant
(p < 0.01) in mussels in the 30 Cu pg L™ ! treatment. On
week 5, Hg uptake in all the Cu pre-exposed mussels was
significantly lower (p < 0.05) than the controls. For Ag,
its influx was also depressed significantly by the Cu pre-
exposure, particularly in the two highest Cu treatments
(15 and 30 CupgL™"). Such influences were obvious
after 1 week of Cu exposure.

When the mussels were pre-exposed to Ag, the Cd
influx rate was only significantly (p < 0.05) reduced
after 1-week exposure to 3 ug Ag L' (Table 3). The Hg
influx rate was generally reduced in the two Ag
treatments throughout the 5-week pre-exposure period,
and the reduction was statistically significant on week 5.
A similar trend was observed for Ag influx, but the
difference from the control treatment was not signifi-
cant. The Zn influx rate decreased significantly in
mussels exposed to 3 pg Ag L™! for 5 weeks (p < 0.05).

In general, the Cd influx was depressed by the Zn pre-
exposure, and this effect was significant in the 10 pg L'
Zn treatment (week 1, p < 0.01) and in the 100 pg L' Zn
treatment (p < 0.01). Zn pre-exposure also significantly
decreased the Hg influx rate on week 5 (p < 0.001).
Significant influence of the Zn pre-exposure on Zn influx
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Fig. 2. Perna viridis. Retention of four metals in the Cu pre-exposed mussel following a pulse ingestion of the radiolabeled diatoms (7Thalassiosira
pseudonana). Data are mean £+ SD (n = 5). C: control. Numbers in the legends are the Cu concentrations used in the exposure treatments (see Table 1).

was found in the higher Zn treatment (100 ugL ™)
throughout the 5 weeks exposure (p < 0.05).

3.3. Relationships between metal bioavailability
and metal tissue burden

Since the metal AE and influx rate from the dissolved
phase were determined simultaneously in the pre-
exposed and the control treatments, the percentages of
these values relative to their respective controls were
calculated as the index of metal bioavailability (i.e., AE-
index and influx rate-index). These indexes were then
correlated with the metal concentration in the soft
tissues. In Expt. 1, no significant relationship between
the metal AE-index and the Cu tissue concentration was
detected. In the meantime, the influx rate-index of Cd,
Hg, and Ag decreased significantly with increasing Cu
tissue concentration (Fig. 4), whereas the Zn influx was
not affected by tissue Cu concentration. In Expt. 2, an
increase in the AE-index of Ag was significantly
correlated with the Ag tissue concentration (Fig. 5),
whereas the AE-indexes of Cd, Hg and Zn were not
correlated with the Ag tissue concentration. Similarly,
the AE-indexes of all four metals were not dependent on

the tissue Zn concentrations. The influx rate-index of
Ag, Hg, or Zn also decreased significantly with an
increase in Ag tissue concentration (Fig. 6). Following
Zn pre-exposure, the influx rate-index of Hg and Zn
decreased significantly with increasing Zn tissue con-
centration (Fig. 6). Cd uptake was not correlated with
increasing Ag or Zn tissue concentration.

4. Discussion

4.1. Metal bioaccumulation and mussel’s
filtration activity

A few important parameters critical in determining
the metal bioaccumulation in marine mussels were
quantified following metal pre-exposure, including the
metal assimilation efficiency from the dietary sources,
metal influx rate from the dissolved phase, and the
filtration rate of the mussels. Such measurements were
coupled with the quantification of metal tissue concen-
tration, metal subcellular fractionation for a better
interpretation of the influence of metal pre-exposure on
metal bioaccumulation. In our experimental exposure,
the Cu concentrations encompassed from those typically
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Fig. 3. Perna viridis. Retention of four metals in the Ag or Zn pre-exposed mussel following a pulse ingestion of the radiolabeled diatoms
(Thalassiosira pseudonana). Data are mean + SD (n = 5). C: control. Numbers in the legends are the Ag or Zn concentrations used in the exposure
treatments (see Table 1).

150
Cd Hg
4 Y
100 ‘,t —@— 1 @ —@—
KA:
R 50 1 % e
x 2 = 0.280, p<0.05 2 = 0.287, p<0.05
©
-E 0 T T T T T T
2 150
© P Ag Zn
X
3 } —o—
E 1001 @9 12-0367 p<0.05 1 o

—@—
50 Y b
@ —@—
0 T T T T T T
0 10 20 30 40 0 10 20 30 40

Cu tissue concentration (ug g')
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Fig. 5. Perna viridis. Relationship between the index of the Ag
assimilation efficiency (AE) and the Ag tissue concentration in the
mussels following Ag pre-exposure. The index was calculated as the
percentage of their respective control values at each week of
measurements. Data are mean + SD (n = 5).

found in Hong Kong coastal waters (23 nM, Wang,
W.-X., unpublished data) to relatively high concentra-
tions. The lowest Ag and Zn concentrations used in our
exposure were about 5X higher than their typical
concentrations in Hong Kong coastal waters. The
resulting concentrations of all the three metals in the
mussel’s tissues were also typical of those found in Hong
Kong coastal waters (from relatively clean site to
contaminated site, Rainbow and Blackmore, 2001).

Of the 3 metals considered in this study, the green
mussels appeared to regulate the tissue Cu and Zn

concentrations, consistent with several studies in this
species of mussels (Chan, 1988; Blackmore and Wang
2002). Earlier experimental study demonstrated that the
mussels were able to regulate the tissue Cu concentra-
tion at about 30 pgL~' (Chan, 1988). In our study,
there was essentially no increase in the tissue Cu
concentrations at the 3 lower Cu ambient concentra-
tions with increasing periods of exposure, suggesting
that the mussels were indeed actively regulating their Cu
tissue burdens at these dissolved concentrations. At the
highest concentrations, there were some increases in the
tissue Cu concentrations within the first 3 weeks of
exposure, afterward the concentrations were maintained
relatively constant. Similarly, the Zn tissue concentra-
tions in the mussels were constant over the S5-week
exposure period at 10 pg L™!, but generally increased at
100 pg L~". These data suggest that both the exposure
concentration and period should be considered in
examining trace metal regulation in the mussels.

The filtration rates of the bivalves can be employed as
an indicator of metal toxicity (Kraak et al., 1994;
Naimo, 1995). In the present study, significant reduc-
tion in the green mussel’s filtration rate was observed
during the early stage of Cu pre-exposure (1-3 weeks),
suggesting that Cu was toxic to the mussels at these
dissolved concentrations. On the other hand, the
recovery of the filtration rate following 5 weeks of
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Fig. 6. Perna viridis. Relationships between the indexes of metal influx rate and the Ag or Zn tissue concentration in the mussels following Ag or Zn pre-
exposure. The index was calculated as the percentage of their respective control values at each week of measurements. Data are mean + SD (n = 95).
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pre-exposure indicates that the mussels may have
acclimated to Cu with extended periods of exposure.
The filtration rates of all the pre-exposed mussels were
indeed higher than the controlled mussels on week 5. We
recently found that following Ag pre-exposure, the green
mussel’s filtration rate was initially depressed with Ag
tissue burden <2.5pgg~', but it then recovered when
the exposure period was longer (Shi et al., 2003). Similar
phenomenon was also observed in mussels pre-exposed
to 3ugAgL™" in the present study. Since the two
exposure experiments (Cu, and Ag/Zn) were conducted
at different seasons, the FRs measured in Expt. 2 (Ag/
Zn) were also notably lower than those measured in
Expt. 1 (Cu). Generally, metal uptake rate quantified
after different periods of pre-exposure to different metals
was not correlated with the change in FR, consistent
with the recent conclusion by Wang (2002).

4.2. Cd accumulation following metal pre-exposure

Our experimental results indicated that the pre-
exposure of mussels to Ag, Cu, and Zn typically had
a greater influence on metal uptake from the dissolved
phase, whereas it had a relatively small effect on metal
assimilation from the dietary phase, with an exception
of Ag AE after Ag pre-exposure (Table 4). The metal
AEs were all comparable to the unexposed mussels over
different periods of pre-exposure. In contrast, our recent
experiment found a significant influence of Cd pre-
exposure on the Cd assimilation. One of the possible
explanations for the increase in Cd AE was the
significant induction of MT by exposure to Cd, which
results in a stronger Cd sequestration from the dietary
source. Among the 3 metals (Ag, Cu, and Zn) examined
in this study, only Cu was found to slightly increase the
MT production, but such induction was much less
notable than those found for Cd exposure.

In the present study, the Cd uptake from both
solution and diet by the green mussels was generally
unaffected by Cu pre-exposure, even though there was
a slight induction of metallothionein (MT). However,
there was a significant negative relationship between the
dissolved Cd uptake and the Cu tissue concentration
when all data were pooled together, suggesting that the
pre-exposure history played an important role in metal
accumulation. Although Cd and Cu can both induce
MT in the marine mussels (George and Olsson, 1994;

Table 4

Langston et al., 1998), the forms of MT with which the
two metals reacted (induction and binding) were rather
different (Ivankovic et al., 2002). For example, the
prevailing part of the total Cd-MT occurred in the
dimeric form, i.e., MT-20 in the Cd-exposed mussel
M. edulis (Frazier et al., 1985; Mackay et al., 1993). In
contrast, the MT-10 component was predominantly
expressed by Cu exposure in the mussel Mytilus
galloprovincialis (Viarengo et al., 1984). The differential
binding with different forms of MT may thus explain the
lack of influences of Cu pre-exposure on Cd bioaccu-
mulation in the mussels. In addition to Cu, Ag pre-
exposure did not affect the dissolved (except at 3 pg L ™"
for 1 week) and dietary Cd uptake. It has been suggested
that Ag may mainly induce and bind with the insoluble
compounds such as the sulfide complex instead of the
metallothionein-like protein (MTLP) in the mussels (Shi
et al., 2003). Our present measurements further con-
firmed that the majority of Ag was indeed associated
with the insoluble fraction and there was negligible Ag
in the MTLP or HSP fractions. Therefore, differences in
binding and storage resulted in the relative independent
accumulation of Ag and Cd in the mussels. In contrast
to Cu and Ag pre-exposure, pre-exposure to Zn resulted
in a significant depression of Cd influx from solution,
consistent with a recent study by Blackmore and Wang
(2002). One possibility for the reduction in Cd influx was
the regulation of Zn uptake by the mussels following Zn
pre-exposure, leading to a simultaneous inhibition on
Cd uptake due to the chemical similarity of these two
metals. Our data also demonstrated that there was
a significant coupling between the influxes of these two
metals in the mussels (data not shown), thus their
transport across the mussel tissues may share similar
pathways. However, Cd uptake was not related to Zn
body concentration, presumably because Zn was ac-
tively regulated by the mussels during the exposure
period. Under such circumstance, the exposure concen-
tration was more important in controlling Cd uptake
than the body concentration.

4.3. Hg accumulation following metal pre-exposure

The assimilation of Hg in the mussels was generally
little disturbed by the pre-exposure to all three metals
(Ag, Cu, and Zn), whereas its dissolved uptake rate was
negatively impacted by the metal pre-exposure. The

Summary of the influences of metal pre-exposure on metal accumulation in marine green mussels Perna viridis

Pre-exposure  Assimilation

Dissolved uptake

References

Cd Increase: Cd; no influence: Hg, Ag, Zn
Cu Increase: Ag ; no influence: Cd, Hg, Zn
Ag Increase: Ag; no influence: Cd, Hg, Zn

Zn No influence: Ag, Cd, Hg, Zn

Decrease: Hg; no influence: Cd, Ag, Zn

Decrease: Hg, Ag; no influence: Cd, Zn
Decrease: Cd, Hg, Ag, Zn. Increase: Ag
Decrease: Cd, Hg, Ag, Zn

Blackmore and Wang (2002),

Shi & Wang (unpublished)

This study

This study, Shi et al. (2003)

This study, Blackmore and Wang (2002)
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digestive behavior of Hg appeared to be in strong
contrast with other metals. Following the initial 3 h of
digestion, the Hg was very efficiently retained in the
mussels for one day before a notable depuration
emerged again. In contrast, the digestion of the other
metals was a more or less continuous process. A few
previous studies have demonstrated that the exposure of
the mussel M. edulis to Cu, Cd, and Zn resulted in an
enhanced tolerance to Hg toxicity due to the increased
levels of MT following the metal pre-exposure (Roesi-
jadi et al., 1982; Roesijadi and Fellingham, 1987). It
remains unknown from these previous studies whether
or not the decrease in Hg uptake in addition to the
detoxification by MT can serve as another potential
mechanism for the decrease in Hg toxicity. In clam
Macoma balthica, Boisson et al. (1998) reported that the
lower Hg uptake rate from a metal (including Ag, Cd,
Cu, and Zn) polluted estuary as compared to clams from
a relatively uncontaminated estuary may be the result of
adaptive trait for survival. In a recent study, we also
found that the Hg dissolved influx rate of the green
mussels decreased significantly following the pre-expo-
sure to 0.1-20 pg L™' Cd for 5 weeks (Shi and Wang,
unpublished dat). Therefore, it is likely that the
enhanced tolerance to Hg toxicity following metal pre-
exposure observed in previous studies may be partially
caused by the reduction of Hg uptake. Nevertheless, the
mechanisms underlying the significant reduction in Hg
uptake need to be further illustrated. Any change in FR
(such as the reduction by Cu exposure) did not account
for the decrease in Hg uptake by the mussels.

4.4. Ag accumulation following metal pre-exposure

Ag uptake from the dissolved phase was substantially
inhibited by Cu pre-exposure, e.g., a 4 X decrease after 1
week exposure to 30 pg L~'. The potential interaction
between Ag and Cu has been previously investigated
(e.g., Ettajani et al., 1992). For example, an increase of
tissue Cu concentration was observed in the mussel M.
edulis exposed to elevated levels of Ag, presumably
because of the involvement of a (Ag, Cu)-binding
protein (Calabrese et al., 1984; Geroge ct al., 1986).
One possible explanation for the presence of this protein
is the induction by Cu exposure, followed by partial
displacement of this metal by Ag (George et al., 1986).
In the oyster Crassostrea gigas, it has been suggested
that Cu may occupy the majority of available binding
sites common to both Ag and Cu, thus only a few sites
may be available for additional binding with Ag
(Ettajani et al., 1992). Consequently, a decrease in Ag
influx by Cu pre-exposed mussels may result from the
saturation of binding sites by Cu.

The observed patterns of the variations in Ag AE and
dissolved uptake following Ag pre-exposure in the
present study agreed well with our previous study,

which indicated that the induction of sulfide by Ag pre-
exposure played an important role in subsequent Ag
bioaccumulation from both dissolved and food path-
ways (Shi et al., 2003). Our present study further
demonstrated that Ag concentration in the insoluble
fraction of mussel’s tissue increased significantly follow-
ing Ag pre-exposure. The predominance of Ag binding
with the insoluble fraction (e.g., sulfide) may account for
the increase in Ag AE from the ingested diatoms. Shi et
al (2003) indicated that the influx rate of Ag decreased at
Ag tissue concentration of 2.5 ng g, beyond which the
dissolved uptake increased. Consistent with this pre-
vious study, we also observed that the Ag influx
decreased at an Ag tissue concentration of 4 pugg™',
beyond which the influx appeared to increase again
(albeit only one tissue concentration was examined
above 4 pgg ).

4.5. Zn accumulation following metal pre-exposure

The Zn AE in the green mussels was generally
unaffected by pre-exposure to Cu, Ag and Zn, but its
dissolved uptake decreased following Ag and Zn pre-
exposure. The lack of influences of Cu pre-exposure on
Zn bioaccumulation further indicates that the Zn uptake
was probably not related to MT induction by Cd or Cu
(Blackmore and Wang, 2002). However, it is also
possible that the binding affinity of Zn with MT was
weaker than those of Cd and Cu, thus its bioaccumu-
lation was not affected by Cd- or Cu-induced MT.
George and Olsson (1994) also found that the MT
measurements may not be appropriately used as an
indicator of Zn exposure in the common mussels. In our
study, the majority of accumulated Zn was indeed
distributed in the insoluble fraction, whereas only a small
fraction was found in the HSP and MTLP fractions. A
depression of Zn influx rate from solution has been
previously reported by Blackmore and Wang (2002),
which suggested that the mussels were able to regulate
Zn by reducing its influx from the dissolved phase.

Based on the results obtained from this study, it
appears that the potential biochemical or physiological
changes caused by Cu, Ag, and Zn pre-exposure in the
green mussel and their subsequent influences on the
bioaccumulation of Cd, Hg, Ag, and Zn were less
related to the induction of MT. Moreover, both Cu and
Ag are one of the most toxic metals and reduced the
filtration rates of mussels over 1-5 weeks of exposure.
However, physiological processes such as the pumping
activity of the mussels may not be responsible for the
observed decrease in metal influx following Cu and Ag
pre-exposure. Saturation of binding sites by metal pre-
exposure resulting in less sites available for metal influx
may be an important mechanism underlying the de-
crease in metal influx. Zn is not a strong MT inducer
and most Zn were associated with the metal-rich
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granules when it is accumulated (Blackmore and Wang,
2002). Therefore, the control of Zn pre-exposure on
metal uptake (if any) may be principally related to the
regulation of its uptake by the mussels.

Our study indicates that the pre-exposure of mussels
to one specific metal may bring considerable influences
to the bioaccumulation of other metals. Aqueous uptake
was more influenced by metal pre-exposure than the
dietary assimilation, thus it is likely that the relative
significance of different exposure pathways of metals
may be modified by pre-exposure to different metals.
Therefore, the pre-exposure history should be fully
taken into account when using the observed metal
tissues to refer to metal pollution, particularly in the
fields where multiple metal contaminations co-occur.
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