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Abstract

The bioaccumulation, tissue and subcellular distiiimg of Ag were investigated in the
king scallopPecten maximusom the Bay of Seine fishery area (France) in labmy and in
field conditions. Experimental investigations withetradiotracer’®’Ag showed that the
scallop readily concentrated Ag when exposed aavager and to a much lower extent when
exposed via sediment. Retention of the metal incaipdr via all tested contamination
pathways was shown to be very strong, but the dssiom efficiency of Ag ingested with
food was found to be tightly depending on the pplgokton strain used to feed the scallops
(74 and 33% wittSkeletonema costatuand Isochrysis galbanarespectively). The uptake
and depuration kinetic parameters determined inagberatory experiments were used to run
a global bioaccumulation model. The latter indicéteat the major uptake pathway of Ag in
P. maximuswas strongly depending on the food quality. Indestden fed the diatonS.
costatumwhich was characterised by a high affinity for fagh distribution constant X
the relative contribution of the feeding pathwayaaleed 98% of the global Ag
bioaccumulation. In contrast, when fédgalbana which displayed a lower K than S.
costatum dietary Ag was retained to a lesser extenPbynaximusand seawater appeared as
the major contributing uptake pathway. In wild sop# collected from reference and
contaminated sites, Ag was mainly concentrated endiestive gland and secondarily in the
gills, and was mainly found associated with the limsle subcellular fraction in all the scallop

tissues.

Keywords: Metal; bioaccumulation; exposure pathway; relativentdbution; bivalves;

Pectinid.
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1. Introduction

Inputs of Ag in the marine environment through sgsvaludge from the coastal cities is
of environmental concern (Safiudo-Wilhelmy and Fledge®92; Luoma et al., 1995),
especially as this metal is well known to be one¢hef most toxic elements (e.g., Warnau et
al., 1996b; Ratte, 1999). Once in the marine enwiremt, Ag tends to accumulate in the
sediments and to concentrate in benthic depositfikedfeeders (Bryan, 1985; Luoma et al.,
1995). In bivalves, Ag concentrations were showbéaclosely related to the contamination
degree of their environment (e.g., Young and Jai@918ustamante and Miramand, 2005)
and the occurrence of Ag in these organisms may ftirerbe used as a valuable proxy of
urban contamination (Safiudo-Wilhelmy and Flegal,219@oma et al., 1995)

Among filter-feeders, the Pectinidae are knowndouanulate very high concentrations of
Ag (e.g., Brooks and Rumsby, 1965; Bryan, 1973; &usinte and Miramand, 2005; Metian
et al., 2008). This accumulation is especially ragron the digestive gland, in which Ag
concentrations are generally above 60 flgdgy wt, without apparent toxic effects (Brooks
and Rumsby, 1965; Bryan, 1973; Bustamante and Mimdm2005). It is well documented in
bivalves that Ag is detoxified via binding with ¢higroups and is then precipitated in the
connective tissues, particularly in the digestiystsm (e.g., Berthet et al., 1992). Ag is also
known to display high affinity for metallothionein®1Ts). As these proteins have been
reported to occur in high concentrations in Pedtni(e.g., Viarengo et al., 1993; Ponzano et
al., 2001), MTs could also contribute significarttbyAg detoxification in this group.

Overall, although Ag bioaccumulation has been itigated in several bivalves (e.g.,
Wang et al., 1996; Reinfelder et al., 1997), litileformation is available on Ag
bioaccumulation and detoxification processes intiRieae. In particular, uptake and
depuration kinetics of Ag are only documented foe @pecies (the variegated scallop

Chlamys varia exposed via seawater (Metayer et al., 1990).hm latter study, the Ag
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4

exposure concentrations were very high (1 to 1j0§0") and far higher than concentrations
actually found in marine waters, even in heavilptaminated areas (Ratte, 1999; Gorsuch et
al., 2003). Furthermore, such elevated Ag conceamatresulted in toxic effects in marine
bivalves (e.g., Eisler, 1996). NevertheleSs,varia displayed a strong retention capacity for
Ag in its tissues (Bustamante and Miramand 2005)revhit was stored as Ag sulphide
(Martoja et al., 1989).

The present work investigated the processes gonerkg bioaccumulation in the king
scallop Pecten maximuyghrough both field and laboratory approaches.aA#rst step, Ag
bioaccumulation was assessed in controlled labgratmnditions during experimental
exposures via seawater, food or sediment, using"tf#g y-emitting radiotracer. This
approach allowed determining the uptake and deur&inetic parameters of Ag as well as
its tissue and subcellular distributions for eaohtamination pathway. The parameters were
then used to feed a global bioaccumulation model rideroto delineate the relative
contribution of the three different pathways of espre. In a complementary field study, wild
scallops were collected from a Ag-clean site andgacéntaminated site and analysed for
their concentrations, and tissue and subcellulatridutions in Ag and MTs. Results from
both field and laboratory studies were then combine order to better understand the
bioaccumulation of Ag iflP. maximusas well as to further assess whethRemaximusould

be used as a reliable bioindicator species of ma&qeontamination.

2. Materialsand methods

2.1. Laboratory experiments

King scallops Pecten maximgswere collected on the Atlantic coast of Francay®f

Seine) and acclimated for 3 weeks to laboratory itimmg. During this period, scallops were
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fed daily a microalgal diet (510" cells mI*) composed of the BacillariophyceSkeletonema
costatumand the Prymnesiophycekachrysis galbana

Thirteen individuals (mean weight: 208 + 46 g) w@taced in a 50-1 aquarium and
exposed for 7 d to 0.4 kB¢ "'°"Ag dissolved in filtered (0.45im) seawater, according to

the methodology described in Warnau et al. (199889). At each daily renewal of seawater

and spike, the scallops were fed briefly (30 n8ngostatunandl. galbana(5 - 10* cells mi%)
in clean seawater. At the end of this period, 4lgpa were dissected and the remaining

scallops were placed in non contaminated, flowiraywsger to follow Ag depuration for 36 d.

During the depuration period, scallops were fedydai costatunandl. galbana(5- 10* cells
mi™).

Fourteen scallops (mean weight: 118 + 5 g) weaeqd in a 50-1 aquarium and exposed
for 13 d under flowing seawater to sediment preshpspiked with*'°"Ag (31 Bq***"Ag g*
wet wt) according to the method described in Dahel.(2005) and adapted as in Metian et
al. (2007). After 13 d, 4 individuals were disselctend the remaining individuals were placed

in depuration conditions for 49 d (clean sedimerdar flowing seawater, daily feeding 8n

costatumand|. galbanaat 5- 10" cells mIY). The spiked sediment was mainly composed
(95.8%) of grain which size ranged from 76 to 302 jitendry/wet wt ratio was 0.80. At the
end of the 49-d depuration period, 4 scallops wié&sgected.

Eighteen scallops (mean weight: 170 + 69 g) wéaieqa in a 50-1 aquarium and exposed

to radiolabelled food (phytoplankton;-80* cells mi*) of contrasting nature in order to
encompass the complexity of the phytoplankton diesadllops (Mikulich and Tsikhon-
Lukamina, 1981; Shumway et al., 1987). In this respmee culture of. costatun{Si-walled
diatom) and one of. galbana (naked flagellate) were previously exposed durihgir
exponential growth phase to 5 and 4 kBY'Ag I* for 10 and 7 d, respectively, and then

separated from the spiked seawatepugi-filtration) according to the method described in
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Metian et al. (2007). Nine scallops were fedcostatunand 9 were fed. galbana After a 2-
h feeding on one or the other phytoplankton stfpirise-chase feeding method, Warnau et
al., 1996¢; Metian et al., 2007), all scallops wet®le-bodyy-counted (see below, end of

this section) and then placed in non contaminaleding seawater conditions, with daily

feeding onS. costatunandl. galbana(5- 10" cells miY). Four scallops were dissected after
21 d . costatumor 16 d (. galbang.
Preliminary feeding experiments were also carrigdio order to assess the ingestion rate

(IR) of both phytoplankton strains Ky. maximus In this respect, four batches of three

scallops were each placed in a 20-I aquarium (eotigtaerated) supplied with-8.0" cells
ml™. In each aquarium, three samples of seawater (et collected aptand after 30 and
60 min. The cell density was counted in each sampdier a light microscope, using a Thoma
cell, and the difference between final and initiell densities was converted to IR (§ @").

During the three experiments (seawater, food auinmgent), samples of water and/or
sediment were collected twice a day during both swm and depuration phases and
radioanalysed in order to check for any possibleiatian in *°"Ag activity in the
microcosms (exposure phases) or for any possiifdg recycling via seawater (exposure
phase via sediment and depuration phase for tlee thathways). Data obtained during the
exposure periods were used to determine the tinegpiated activity (Rodriguez y Baena et
al., 2006) and to calculate the concentration (s¢@wexposure) and transfer (sediment
exposure) factors (see Metian et al., 2007).

In the three experiments (seawater, sediment aod),fohe dissected scallops were used
to determine the distribution of®"’Ag among the different body compartments (shell,
digestive gland, kidneys, gills, gonad, mantle, stitee, adductor muscle and the remaining
soft tissues). In all experiments, the distributadrt’®"Ag between the soluble and insoluble

subcellular fractions was also determined in thesslige gland, according to the method
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described by Bustamante and Miramand (2005). Brieflyart of the gland was homogenized
individually with a mortar and pestle on ice with 10 of 0.02M Tris—HCI buffer at pH 8.6.
The homogenates were then centrifuged at 30,000r d. fo at 4°C in a Sorvall RC28S
ultracentrifuge to separate particle-free supemiafeytosol; i.e., the soluble fraction) from
the pellet (i.e., the insoluble fraction). Aliquatkthe homogenates, cytosols, and pellets were
radioanalysed usingyaspectrometer (see here below).

Biokinetic experiments were carried out using ehfspecific activity"'°"Ag radiotracer
purchased from Isotope Product Lab, Germat{fAg as AgNQ, T.,= 249.8 d).

Radioactivity in live scallops that were radioaysgld daily during uptake and depuration
experiments and in dissected and centrifuged sam@es counted using a high-resolutipn
spectrometry system consisting of four coaxial GeiomanN- or P-type) detectors (EGNC
33-195-R, Canberfaand Eurysi®) connected to a multi-channel analyzer and a compute
equipped with a spectra analysis software (Intemetf6).

The radioactivity was determined by comparison stindards of known activity and of
appropriate geometry. Measurements were correctec¢donting efficiency and physical
radioactive decay. The counting time was adjusteabtain a propagated counting error less

than 5% (Warnau et al., 1999).

2.2. Field study

Ten P. maximuswere collected by SCUBA diving in 2 different ldicas the Bay of
Seine in July 2004: a site near the estuary (49”3§'; 0°10'0" W) which is known to be
contaminated by chemicals, and a reference sitt88A¥' N ; 1°0'0” W) located far from the
Seine river mouth in the western part of the Baylif®s et al., 2006).

Scallops were frozen on board (-20°C) and disdeotanediately upon return to the

laboratory in order to separate the digestive glgill$, kidneys, gonad and adductor muscle;
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the other tissues and organs constituted the rengpisoft tissues. All dissected tissue
samples were freeze-dried and grounded to powdes.alyuots (ca. 150 mg dry wt) of each
tissue were treated as described above to septmatsoluble and insoluble subcellular
fractions according to the method of Bustamante amdrivand (2005).

Metallothionein-like protein (MT) concentrationseme determined in heat-treated
supernatants by differential pulse polarography,ctvhallows quantifying the cysteinic
residues (Thompson and Cosson, 1984; Temara et98i7).1Polarographic measurements
were carried out with a PARC Model 174A analyzed anPARC EG&G Model 303 static
mercury drop electrode (SMDE). Standard quantificatstf MTs was based on rabbit liver
metallothionein (Sigma, M-7641) by the standard aolliimethod. MT concentrations in
scallop tissues were expressed as figrg wt.

In addition, Ag was analysed in supernatants aglbbts after acidic digestion with 4:1
(v:v) ultrapure 65% HN@and 70% HCIQ at 80°C for 2 d. The acids were then evaporated
until dryness and the residues were dissolved 3nN\Dultrapure 65% HN@ Metal analyses
were carried out using an atomic absorption spetimpneter Hitachi Z-5000 with Zeeman
background correction. Reference tissues, dogfigar [(DOLT-3, NRCC) and lobster
hepatopancreas (TORT-2, NRCC) were treated angsethin the same way as the samples.
Results were in good agreement with the Ag cedifialues: recoveries ranged from 93 to
106% (n = 10). Detection limit was 0.005 pg Ag dry wt. Ag concentrations in scallop

tissues were expressed as [fgigy w.

2.3. Data analysis

Uptake and depuration kinetics of the differerp@sure experiments were fitted using the

kinetic models and statistical methods as descriged/arnau et al. (1996a,c) and Metian et

al. (2007).
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The relative contribution of each uptake pathwagswdetermined using the global

bioaccumulation modeadriginally proposed by Thomann (1981) and Landrunale{1992),

and further used and developed by other authogs, (Ehomann et al., 1995; Wang et al.,
_“| Supprimé : developed by
1996; Reinfelder et al., 1998; Metian et al., JEMBEMEPS) in which three different uptake | [2ndnm &1 3.Comend b
and Wang et al. (1996)

pathways (seawater, food and sediment) were comrsidér this model, the introduction of
the term A allowed considering only the fraction of the metedt was actually incorporated
by the organisms exposed via seawater, sedimentfaotd The metal concentrations in
sediment and food were calculated using their distion coefficients (K and Ky,

respectively). The concentration in sediment(BZ g* wet wt) was determined according to

the relation:

Cs= Cy Ky (eq.1)

where G, is the concentration of the radiotracer in expernitakspiked seawater (Bd)l and
K4 the Ag distribution coefficient in sediment accoglio IAEA (2004).
The concentration in the phytoplankton strains, (Bq g* wet wt) was determined

according to the relation:

Ci= Cy Kyt (eq.2)

where Ky is the Ag distribution coefficient in the phytopldon strain $. costatunor I.

galbang that was measured in our experiments.

Total Ag concentration in the organisms (i.e.ghen of each concentration resulting from

the uptake through the different pathways) wasnaefias:

G = CW,ss"’ Cs,ss"' Cf,ss (eq.3)
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where G.ss Csss and Gss are the steady-state metal concentrations (B i scallops
resulting from uptake via seawater, sediment and, fagphectively. The latter were computed

according to the relations:

Cuw,ss= (Aoiw Kuw Cw) / Kew (eq.4)
Cs,ss: (AOI,s ku,s Cs) / ke,s (eq.5)
Ciss= (AE IR G) / ket (eq.6)

where Ay is the metal fraction (%) strongly retained inlkgatissues, kis the uptake arte
constant (@), ke is the depuration rate constant'{dAE is the metal assimilation efficiency
from food (i.e., A ; %), and IR is the ingestion rate ¢fd"), and where w, s, and f
subscripts refer to seawater, sediment and fooaassare source, respectively.

The relative contributions of the three pathwadisqolved, sediment and food) were then

assessed according to the following relations:

% seawater= Cw,ss/ (Cf,ss+ Cssst Cwss) (eq.7)
%0 sediment Cs,ss/ (Cf,ss + Cs,ss+ QNss) (eq-8)
%0 food = Cf,ss/ (Cf,ss"' Cs,ss+ Cwss) (eq.9)
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250 In the field study, one-way ANOVA was used to tlestdifferences among Ag and MT

251 concentration data using the corresponding routimeése software Statisti€x6.1. Level of
252 significance for the statistical analyses was aagt att = 0.05%.

253

254 3. Reaults

255

256 3.1. Laboratory experiments

257

258 3.1.1 Exposure via seawater

259

260 The whole-body uptake kinetics 8f™Ag in P. maximusvere best fitted by a first-order
261 saturation exponential equation?(R 0.71). The kinetics and the estimates of its ppatars
262 and associated statistics are shown in Figure fthodgh the steady-state was not reached
263 during the time course of the experiment, the comagan factor at steady-state could be
264 estimated with reasonable precision {GF801 + 164). After 7 d of exposure, the measured
265 Ck4 was 620 + 210 in the whole-body individuals, 3,240,020 in the whole soft parts,
266 56,600 + 13,400 in the digestive gland and 4,448)140 in the gills (data not shown). At the
267 end of the uptake period:®"Ag was mainly located in the soft tissues (98 + 2%he total
268 %"Ag content), among which the digestive gland cortithe major part of the tracer (71 +
269 7%), followed by the gills (13 + 7%) (Fig. 2).

270 During the 36-d depuration period following seasvaexposure, the whole-body
271 depuration kinetics of®"Ag was best described by a bi-exponential equafSr 0.22; Fig.
272  1a). The results showed that the major patt®iag was efficiently incorporated (A= 82%)
273 and strongly retained in the tissues Bf maximus(biological half-life not significantly
274  different from infinite). At the end of the depunatiperiod, the body distribution 6f°"Ag

275 indicated that the digestive gland stored the rpain of the total body'*"Ag (80 + 8%), as
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previously observed at the end of the uptake ptweke 7%) (Fig. 2).

3.1.2. Exposure via the sediment

The whole-body uptake kinetics 8f™Ag bound to sediments were best fitted by a first
order saturation exponential equatiorf @R0.81) that reached a steady-state equilibriuer af
ca. 10 d of exposure (Figure 1b).EHn toto and in the whole soft parts were 0.22 + 0.07
and 0.69 + 0.19, respectively. Among the differemans and tissues, the highestsifvas
found for the digestive gland (11.8 + 4.9), whiabntained 65 + 13% of the whole-body
H0mAg activity (Fig. 2).

The whole-body depuration kinetics after exposui@ spiked sediment were best
described by a mono-exponential equatioh£M.64; Fig. 2). The results indicated that 90%
of %Ag previously bioaccumulated were efficiently retsdn with a biological half-life of
40 d. At the end of the 31-d depuration period,ktbey distribution of'®"Ag clearly showed
that the major part of the metal (ca. 66 + 8%) watrithuted in the digestive gland, the latter

proportion being not significantly different to thabserved at the end of the exposure period

(Fig. 2).

3.1.3. Exposure via the food

Prior to feeding the scallops with one out of tlve selected dietsSkeletonema costatum
or Isochrysis galbanatrain), the phytoplankton cultures were exposed’Ag for 7 and 10
d, respectively. At the end of the exposure perithd distribution coefficient between
phytoplankton and water @R was determined in order to assess the efficierfctheir

affinity for Ag. K¢ was 6.86 19for S. costatunand 4.43 1bfor I. galbana
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In addition, the preliminary assessment of the itigesrate (IR) of phytoplankton
indicated thatP. maximusngested botlS. costatunandl. galbanawith similar (p = 0.01)
rates, i.e. IR = 0.0404gj* d™.

Following the pulse-chase feeding using eitBercostatunor I. galbanaas food, the
whole-body depuration kinetics &™Ag were best fitted using a bi-exponential equatieh
= 0.46 forS. costatunand 0.93 fol. galbang (Fig. 1c). The assimilation efficiency (AE) of
110MAg ingested with food was higher when scallops wWedsS. costatunthanl. galbanai.e.
AE = 72 vs. 33%). Furthermore, when ingested vw8thcostatumthe tracer was much
strongly retained ifP. maximugissues (. not different from infinite; Fig. 1c1) than when
ingested witH. galbana(Tyy, = 11d; Fig. 1¢2)*°"Ag was mainly distributed in the digestive

gland (> 93%) with both food sources (Fig. 2).

3.1.4. Subcellular distribution

For all three exposure modés’™Ag was always mainly associated with the insoluble

subcellular fraction of the digestive gland ce84 (o 98%; see Fig. 2).

3.1.5. Global bioaccumulation model

In order to assess the relative contribution afheaptake pathway to the global Ag
accumulation irP. maximusthe different kinetic parameters obtained forttivee exposure
modes to Ag (seawater, food, and sediment) were tsdded a global bioaccumulation
model (see section 2.3.) along with other paramesigrh as the distribution coefficient of Ag
in sediment (K = 2 1d; IAEA, 2004), the Ag I in phytoplankton strains (<= 6.86 16 for
S. costatunand 4.43 1Hfor I. galbang present study) and the ingestion rate of phytdfitn

in scallops (IR = 0.0404 g'g™ for both strains; present study).
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Results of the computations are shown in Figure 8stMnterestingly, the phytoplankton
strain used as food source strongly influencedntlegelling results. In fact, the latter food
source was actually driving the outcomes of the nimgebnd the computations were thus
performed considering one or the other phytoplamidivain. WithS. costatumthe feeding
pathway was by far the major contributor (98%) te gtobal bioaccumulation of Ag iR.
maximus(Fig. 3a), whereas seawater was the main contril{g89) followed by sediment

(28%) when the scallops were fedjalbana(Fig. 3b).

3.2. Field study

Concentrations of Ag in the tissues and organ®.ofmaximuscollected from the two
sampling sites are given in Table 1. Scallops frore tontaminated zone showed
significantly higher (p = 0.004) Ag concentratidnstheir whole soft tissues than that from
the reference site. Such a difference was alsdfisignt for the digestive gland (p = 0.004),
the gills (p = 0.0001) and the remaining tissues=(P.004). In both sites, the highest Ag
concentrations and loads were found in the digegjiend and the lowest in the gonad and
the adductor muscle (Table 1).

In all the tissues and organs analysed, Ag was lynaissociated with the insoluble
subcellular fraction, which contained from 77% (actdu muscle) up to 97% (digestive
gland) of the metal (Table 1). Interestingly, thébcllular distribution of Ag was not
significantly different between the two sites fdiragans and tissues but the gills (p = 0.01)
(Table 1).

The concentrations in metallothionein-like proteiasied from 750 puggdry wt in the
adductor muscle up to 7,450 ug dry wt in the digestive gland (Table 1). The cartcations

were only significantly different between the twites for the gills (p = 0.007), gonad (p =
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0.041) and remaining tissues (p = 0.013), with tbetaminated site showing the highest

values.

4. Discussion

Important Ag releases in the Bay of Seine occuruphcthe Seine River which is one of
the most heavily contaminated rivers in Europe (Retixal., 2001). The average Ag
concentrations measured in this study in the wholetssues ofPecten maximufrom the
Bay of Seine ranged from 2.6 to 7.2 piydry wt). The digestive gland, gills and remaining
tissues of the scallops collected in the vicinifytioe estuary (i.e. the contaminated site)
displayed Ag concentrations that were two to temes higher than those from the reference
site (Table 1). This spatial variation of Ag contcations in scallop tissues has already been
reported in other species such@damys variawhich was therefore considered as a good
biomonitor species for this metal (Bustamante andaiand, 2005) and thus for urban
contamination. Indeed, Ag is generally considered aieliable proxy for domestic inputs in
coastal waters due to Ag-enrichment in the sewag#gs from coastal cities (e.g., Safiudo-
Wilhelmy and Flegal, 1992; Luoma et al., 1995; Asrdand Bober, 2002).

Data on Ag concentrations have been reportedefeeral scallop species suchHianites
giganteus (Young and Jan, 1979)C. varia (Bustamante and Miramand, 2005),
Comptopallium radula(Metian et al., 2008), anB. maximus(Segar et al., 1971; Bryan,
1973). The highest Ag concentrations were genefallyd in the digestive gland of these
scallop species.

The digestive gland of the scallops collectechatreference and contaminated sites of the
Bay of Seine displayed mean Ag concentrations crd2 89 pg g dry wet, respectively. In

the contaminated site, these digestive gland coratéris were rather elevated in comparison
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to data from the literature fé&*. maximusindeed, mean values previously reported were 8.9
and 13.6 pugydry wt from the Irish Sea and from the English @i, respectively (Segar et
al., 1971; Bryan, 1973). However, in other scaippcies, values ranged from 30 to 77 fig g
dry wt (Bryan, 1973; Mauri et al., 1990; Bustamaael Miramand, 2004).

The qills of P. maximugrom the contaminated site displayed very high Agoentrations
viz. similar to those measured in the digestive @l&iom the reference site. This strongly
suggests that an important incorporation of the hoeteurred through the dissolved pathway.
Indeed, this organ is well-known to play a key riolelissolved metal accumulation in marine
filter-feeders (Rainbow, 1990). This assumption well supported by our laboratory
experiments showing th&. maximusefficiently concentrated waterborne Ag (&F 3,700
in the whole soft parts). Uptake of dissolved Ag migccur in all the soft parts in direct
contact with seawater, particularly at sites withhhpermeability such as the gills (Rainbow,
1990). However, in our experiments, most of the tadéer (> 70%) was found in the
digestive gland, which showed very high CF (> 56)0@ven after a short exposure time of 7
d. This strongly suggests that translocation of rtretal occurred from the tissues in direct
contact with seawater (gills) towards the digestil@nd, where the metal would have been
detoxificated and stored. Interestingly, althougtalke of Ag bound to sediment was weak
(TF13q4 in whole soft parts = 0.69 + 0.19), most of the ahetas found in the digestive gland
after 13 d of exposure (65 + 13%). TFs in scaligpues were far lower (by approximately 3
orders of magnitude) than CFs calculated from seavexjgosure, indicating that sediment-
bound Ag is poorly bioavailable t8. maximus This is consistent with results reported for
other bivalve species, for example in oysters ofgbheusCrassostrea(Abbe and Sanders,
1990, Ettajani et al., 1992).

The major role of the digestive gland in Ag biaamelation and detoxification was
especially evidenced by results of the trophicdfanexperiments. When scallops were $ed

costatumandl. galbanga their digestive gland contained most of the metadaining at the
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end of the depuration period (90 and 70%, respalgliv However, both the assimilation
efficiency (AE, %) and the retention capacity,Id) of the metal strongly depended on the
phytoplankton strain used as food source, i.e. @2#%268 d foS. costatunand 33% and 11
d, forl. galbana Elevated AEs of Ag ingested wigh costatuncould be due to the storage of
the metal under bioavailable forms in the cytoplagnthe phytoplankton cells (Reinfelder
and Fisher, 1991; Wang et al., 1996; Reinfeldel.et997). However, the gut residence time
that appears to be longer 8 costatunthan forl. galbana(see the much faster initial
decrease in depuration kinetics after feedind.ayalbana Fig. 1c) could also influence the
metal assimilation efficiency (Wang and Fisher, 1996)

Seawater, sediment and food exposures all resintadportant Ag bioaccumulation in
the digestive gland oP. maximusin which the metal was always associated mainly wit
insoluble subcellular compounds whatever the exgopathway, i.e. from 84 to 98% of the
total Ag (see Fig. 2). In wild scallops from the Bal Seine, Ag was similarly mainly
associated with the insoluble subcellular fractidrihe digestive gland cells &. maximus
collected in both the reference site and the comtated one. No clear relationships were
observed between Ag concentrations or subcellukdrilobtion and MT concentrations (see
Table 1). In particular, distribution of Ag in tlsaibcellular soluble fraction (where MTs are
located; Thompson and Cosson, 1984) was much higher 7 times) in adductor muscle
than in digestive gland, although the muscular Miiitent was one order of magnitude lower
than in digestive gland. This would suggest tHany, the MTs are only slightly contributing
to Ag sequestration and subcellular distributioséallop tissues, which is in agreement with
previously observations indicating that, in theediive gland of bivalves, Ag was associated
with lysosomes and partially combined with mineral amganic sulphurs within the
connective tissues (Bryan, 1973; Ballan-Dufraneaial., 1985; Berthet et al., 1992).

In the natural environment, the three contaminapathways studied here occur and

contribute simultaneously to the global bioaccumafatof the metal in the organisms.
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Through the use of the kinetic parameters that wiimdd experimentally, along with
published K for sediments (IAEA, 2004) andgkand IR that we measured, the delineation of
the relative contribution of the three exposurénpatys has been assessed, using the model
developed by Landrum (1992) that we adapted to itatkeaccount the three uptake routes.
The results showed that food quality played a majte in determining the major route(s) of
Ag accumulation inP. maximugFigure 3). With a Si-walled diaton&( costatumas food
source, the dietary pathway was the main pathwaygfuptake (98%) whereas when
scallops were fed a naked flagellatedalband, the major contribution of the metal came
from seawater (63%) and secondarily from sedimere}28 he difference in the outcomes
of the two runs of the model are due to the hidghgr AE and T, characterising Ag ingested
with S. costatumThe information available in the literature retjag diet composition of
scallops in the wild is scarce. It mainly reportattthe diet of wild scallops is complex and
can display quite large variations both in spacd &me (e.g., Mikulich and Tsikhon-
Lukamina, 1981; Shumway et al., 1987; Grant and ©rdnfl991). Hence, without proper
characterisation of this diet, it still appearsestpremature to use the modelling approach to
explain the observations from the field. Neverthgléise bioaccumulation model that we used
here allowed considering the sediment pathway segartor the first time. Sediment was
expected to be an important pathway of contamindtio®. maximussince: 1) it is living at
the seawater-sediment interface and thus can acciemsé&diment-bound metals either
directly by contact with the mantle and tentaclesemwtdeployed (filtering posture) or
indirectly after desorption and release to the sgamor porewater, 2) it filters and ingests
metal-rich particles from both the water column angl sediment surface (Shumway et al.,
1987) and 3) sediment generally displays metal cdreggons that are several orders of
magnitude higher than those reported in seawatgr, (euoma, 1989). However, the model

clearly showed that sediment had a minor contrilouticAg bioaccumulation i?. maximus
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Captionsto Figures

Fig. 1. Uptake and depuration kinetics'61"Ag in Pecten maximuga) seawater pathway
(mean concentration factor + SD, n = 13 and mean ®#iairéng activity + SD, n = 9), (b)
sediment pathway (mean transfer factor + SD, n =nthnean % remaining activity + SD, n
= 10), and (c) food pathway (mean % remaining agtiziSD, n = 9) via two phytoplankton
strains, (c1Bkeletonema costatuamd (c2)lsochrysis galbana

Uptake parameters. Gfconcentration factor at steady stategsT ffansfer factor at steady
state; k: uptake rate constant

Depuration parameters (long-lived componenty: Activity (%) lost according to the long-
lived component; 4 depuration rate constant (g Tuy: biological half-life (d), R
determination coefficient; *: parameters not sigrifidy different (p > 0.05) from O £ or

from the infinite ().

Fig. 2.1%"Ag distribution (mean % + SD; n = 4) among the diéferbody compartments of
Pecten maximugxposed via: (a) seawater (end of uptake and d#pnor periods), (b)
sediment (end of uptake and depuration periods)@nthe food (end of the depuration after

feeding onSkeletonema costat8KE- andisochrysis galbanalSO).

Fig. 3. Relative contribution of the different epoe pathways to global Ag bioaccumulation
in Pecten maximuw/hen (a)lsochrysis galbanar (b) Skeletonema costatuane considered

as food source.
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610 Table 1.Pecten maximusoncentration (mean + SD; pg dry wt; n = 10), tissue distribution (mean + SD; #= 10), proportion of Ag
611 associated to insoluble compounds (mean + SD;% 18) and metallothionein-like protein (MT) conceribns (mean + SD; pg'gdry

612 wt; n = 10) in scallops from a contaminated andfarence sites in the Bay of Seine.

613
Ag concentration Proportion of Ag body  Proportion of insoluble Ag MT concentration
(ug g" dry wt) burden (%) (%) (ug g" dry wt)

Contaminated Reference Contaminated Reference a®amdted Reference Contaminated Reference
Digestive gland 89+ 29 32+11 78+ 11 86+5 +B! 97+2% 5,450+1,200 7,450 + 1,200°
Gills 31+14 3.1+0.7 18 +10 6+2 96 +3 92+2 1,500+ 180 1,100 +170
Kidneys 8.5+3.2 57+2¥® 1+0 2+1 86 + 4 78+ 16 2,580 + 440 2,420 + 67§
Gonad 3511 2416 1+0 1+0 87+3 88 +'¥ 3,070 £ 310 2,150 £ 760
Adductor muscle 0.6+0.4 0.4+0% <1 1+0 89+5 77+ 1% 830 + 40 750 + 15%°
Remaining tissues 14+£03 0.7+0.3 3x1 4+3 2+ 89 + 4 2,000 + 110 1,620 + 240
Whole soft parts 72+18 26+0.7 100 100 - - - -

614 NS: non significant difference between contaminated reference sites (p > 0.05)
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