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Abstract In order to understand the bioaccumulation of mssemetals in filter-feeding
mollusks living in soft sediments, the uptake aegutation kinetics of three elements (Co,
Mn and Zn) were investigated in the king scalRgaten maximus exposed via seawater, food,
or sediment, using radiotracer techniques. Theégasaivere collected in April 2005 in the
Pertuis Breton, France and acclimated to laboratonglitions for eight weeks prior to the
experimental exposures. Dissolved metals wereiefiily bioconcentrated with mean
concentration factors (CFs) ranging from 65 (Cd)4qMn) after 7 days of exposure.
Feeding experiments using microaldgikel etonema costatum (diatom) orlsochrysis galbana
(flagellate) showed that metal assimilation effirg (AE) and retention ) were strongly
influenced by food source. For Co, AE was higheemwngested with. galbana (29 vs 4%),
whereas Mn and Zn AE was higher #®rcostatum (82 vs 44% and 86 vs 68%, respectively).
Transfer Factors (TFs) . maximus exposed to radiolabelled sediment were 3 to 4reroe
magnitude lower than CFs. Nevertheless, the fradicsediment-bound metals that was
taken up was efficiently absorbed in scallop tisgae85%). Whatever the exposure pathway,
metals were strongly retained in the kidney®afnaximus. Due to poor determination of Mn
biokinetics (and related parameters) in scallogms&d through sediment, the relative
contribution of the three different pathways cobéddetermined only for Co and Zn using a
biodynamic model. The particulate pathway (i.e dfoo sediment) appeared to be the main
route for bioaccumulation of both metals in thialkp. In addition, even though maximus
displayed different AEs for Co and Zn accordinghe food, results of the model were only
slightly affected, if any, by change in the dietagrameters (AE and depuration rate constant,

Ke).
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Introduction

Several metals such as Co, Fe, Mn, and Zn aretesgerthe metabolism of organisms.
Essential metals are part of the functional graefpsarious enzymes, play a structural role in
respiratory pigments and metalloenzymes or caasaettivating co-factors for various
enzymes (see e.g., Simkiss 1979; Williams 1981¢. ddévelopment, growth and general
health of the organisms are optimal if essentighiseare present in sufficient amounts in
their tissues. As a consequence, depletion in gakelements can provoke pathological
damage and/or physiological alterations in biotg.(d-orstner and Wittmann 1983). Such a
situation is generally reversible when normal comiaions are recovered. Conversely,
because of their affinity for biological moleculessential elements can also provoke toxic
effects when their concentrations increase anchraagven threshold value (e.g., Forstner
and Wittmann 1983; Rainbow 2002).

Marine organisms accumulate essential metals tehg#teir biological needs but the
accumulation can sometimes greatly exceed the ameguired for metabolic processes
(e.g., Pecquenat et al. 1969; Coombs 1972; Rairdfi®®). For example, Zn concentrations
in barnacles can be very high (up to 100,000 pg Zdry weight —-DW-) while their
estimated metabolic requirements are three ordersmgnitude lower (Rainbow 2002).

When metabolic threshold concentrations are exckentganisms either are able to
directly excrete essential metals in excess argiiéoe them in their tissues, generally as
precipitates into mineral granules (Rainbow 2002))ce preventing toxic effects. Such
storage mechanisms can lead to very high metalecrations when these granules remain
within the cells or tissues or to transiently eledaconcentrations when the granules are
eventually excreted (Rainbow 2002).

High concentrations of essential metals such asiMhZn have been recorded in

pectinid soft tissues and in particular in thedreys. For example, renal concentrations



reported inPecten maximus were 16,000 + 4,100 pg'dW for Mn (Bryan 1973) and from
7,000 to 19,000 pgHyDW for Zn (Bustamante and Miramand 2004). In gtallop species,
both Mn and Zn are stored in renal concretions ma@iomposed of calcium phosphate
(George et al. 1980). Pectinids also store Coaeir thdneys up to relatively elevated
concentrations (Bustamante and Miramand 2005)ekample, in the tropical scallop
Comptopalliumradula, renal Co concentrations (up to 179 [‘'g@W) were more than two
orders of magnitude higher than in other soft gss{Metian et al. 2008b).

The turnover of essential metals in pectinids aght to be related to the turnover of
the fraction trapped in renal granules and hendtledio possible excretion through renal
tubules (Fowler and Gould 1988). Furthermore, th@ribution of the different exposure
sources to essential metal bioaccumulation in ggalfemains to be determined. The aim of
this study was therefore to determine the kinaifagptake and depuration of three essential
metals (Co, Mn and Zn) in a typical pectinid fromr&pean waters, the king scallBpcten
maximus, when exposed to these elements via seawater, dosgdiment. In order to better
understand bioaccumulation processes for the seledsential metals, three levels of
biological organization were considered: 1) the lghondividual, 2) different organs and
tissues, and 3) subcellular fractionation in tesues. Eventually, kinetic parameters obtained
from the different experiments were then usedmodynamic model originally described by
Thomann (1981) and reviewed by Landrum et al. (1292rder to determine the relative
contribution of different exposure pathways to tittal bioaccumulation of Co, Mn and Zn in

P. maximus.

Materials and methods

Sampling



In April 2005, 70 king scallopBecten maximus were collected on the Atlantic coast of
France (Pertuis Breton, Charente-Maritime) by SCUBAng. They were carefully
transported to the IAEA-Marine Environment Laborggs in Monaco and were acclimated to
laboratory conditions (constantly aerated 0.45-jlteréd water; open circuit, seawater flux
50 | hY; salinity 37 p.s.u.; temperature 17 + 0.5°C; pBl80.1; 12 h light: 12 h dark
photoperiod) for 8 weeks prior to experimentatibhese laboratory conditions were
maintained throughout the experimental period. Dyithe acclimation period, scallops were
fed once a day a microalgal diet (initial densiy: 10* cells mi*; Metian et al. 2007)
composed ofkeletonema costatum (Bacillariophyceaeandlsochrysis galbana

(Prymnesiophyceae).

Radiotracers and counting

Uptake and depuration kinetics of Co, Mn and Zsdallops were determined using
radiotracers of high specific activity purchaseshirAmersham, UK*(Co in 0.1M HCI, T, =
271.8 d) and Isotope Product Lab., USAMn in 0.1M HCI, T, = 312.2 d®°Zn in 0.5M HCI;
T, = 243.9 d). The radiotracers were counted usiniglaresolutiony-spectrometry system
composed of four Germanium -N or P type- deted®®@NC 33-195-R, Canbeftand
Eurysi$’) connected to a multichannel analyser and a caenpith spectrum analysis
software (Interwinnét 6). The radioactivity was determined by comparigith standards of
known activity and of appropriate geometry. Meamgsts were corrected for counting
efficiency and physical radioactive decay. The ¢mgtime was adjusted to obtain a

propagated counting error less than 5% (RodriguBagna et al. 2006a).

Seawater exposure



Twenty-five Pecten maximus (mean wet weight £ SD: 208 + 46 g; mean shell lergED:
12.3 £ 1.3 cm) were placed in a 70-I glass aquafelosed circuit; parameters as above) and
exposed for 7 d t8'Co, >*Mn and®Zzn (0.4, 0.4 and 0.75 kB | respectively) dissolved in
seawater. No change in pH was detectable aftdrdber addition. Spikes and seawater were
renewed twice a day for the first two days and ttiity in order to keep the radioactivity
constant in the seawater. During each renewalawatr and spike, the scallops were fed
briefly (30 min)Skeletonema costatum andlsochrysis galbana (5 x 10° cells miY) in clean
seawater. According to the procedure of Warnal €1996) and Rodriguez y Baena et al.
(2006b), activity of the radiotracers in seawataswhecked before and after each spike
renewal, yielding time-integrated activities of D:-80.12 kBof'Co I, 0.34 + 0.14 kBG*Mn
It and 0.73 + 0.14 kB&zn I

Nine tag-identified scallops were collected atetént time intervals and were whole-
bodyy-counted alive (same individual each time). Aténe of the 7-d exposure period, 5
scallops (not belonging to the tag-identified batekre sacrificed and dissected. Shell,
digestive gland, gills, kidneys, intestine, gonfadt, mantle, adductor muscle and the
remaining soft tissues were separated and radigeadhin order to assess the body
distribution of the radiotracers.

Following the exposure period, the remaining sqgallavere placed in non-exposure
conditions (open circuit, flux 50 Iy daily feeding or8. costatum and|. galbana, 5 x 10*
cells mi*; other parameters as above) for 36 d. The 9 tawtified individuals were regularly
radioanalyzed in order to follow the depurationetios of the radiotracers. Four scallops
were collected at days 7, 14, 29, and 36 of themdejn period and dissected as previously
described. Different tissues (adductor muscles gifid digestive gland) were fractionated into

soluble and insoluble components (methods below).

Food exposure



Fifteen scallops (mean wet weight £ SD: 159 + 4Bhgan shell length £ SD: 11.7 + 1.2 cm)
were exposed to two different radiolabelled foamapproximate the diversity of their
phytoplankton diet in the field (Mikulich and Tsish-Lukamina 1981; Shumway et al. 1987).
One culture ofkeletonema costatum (Si-walled diatom) and one tdochrysis galbana

(naked flagellate) were previously exposed’@o, >*Mn and®*zn (4 kBq I* of each tracer)
for the duration of their growth phase (10 and fedpectively). At the end of the exposure
period, the medium was filtered (In mesh size Osmonic filters; Metian et al. 2007).
Phytoplankton cells and spiked medium were coltketed radioanalyzed to determine the
partition coefficient between microalgae and seawg;) for each radiotracer for each
species. Each phytoplankton species was then addet of the exposure aquaria (final
density: 5x 10" cells mi?).

Phytoplankton resuspension was realized in a T@skd-circuit aquarium (parameters
as previously described) where scallops 6 forl. galbana andn = 9 forS. costatum
experiment) had been placed one week before fhinzatton. After a 2-h feeding on one or
the other phytoplankton species (pulse-chase fgedathod; Warnau et al. 1996), all
scallops were whole-bodycounted alive and then placed in clean, flowinaysser
conditions (parameters as previously describedh daily feeding on non-labell€sl
costatum andl. galbana (5x 10" cells mi%). All individuals were then radioanalyzed at
different time intervals to follow the whole-bodgplration kinetics of'Mn, *’Co and®™zn
in scallops. Four individuals were collected atéine of the depuration period (viz. after 16 d
for scallops fed. galbana and 21 d for those fedl costatum) and dissected to determine (1)
the body distribution of the radiotracers amondlsb@estive gland, kidneys, gills, gonad,
mantle, intestine, adductor muscle and the remgisaft tissues and (2) the subcellular

fractionation (see below) in the cells of the digesgland, gills and adductor muscle.

Sediment exposure



Sediment was collected in Wimereux (North-Atlartii@st of France). Sediment grain size
distribution was determined using a MastersizerrtMi2.12 (Malvern) and the dry/wet
weight ratio was calculated after freeze dryingngsa LABCONCO Freezonel8. Aerated
sediments (9 kg) were divided between two 5-1 ptasottles, spiked with 292 kBYCo, 297
kBg **Mn and 306 kBd°zn (half in each bottle) and then constantly agildor 6 d
according to Danis et al. (2003, 2005) and adapyedetian et al. (2007). Part of the
radiolabelled sediments were then used to formmnadgeneous 4-cm sediment layer in a 20-
glass aquarium. Weakly-bound radiotracers weravakbto leach from the sediment
overnight under flowing seawater (50 HHDanis et al. 2003, 2005).

TenPecten maximus (mean wet weight + SD: 118 + 5 g; mean shell leagSD: 11.1
+ 0.6 cm) were then placed for 13 d in the aquariapen circuit; parameters as previously
described), during which 6 tag-identified indivitkiavere regularly radioanalyzed alive.
Sediment samples were also regularly collectedyacwlnted to verify that the radiotracer
activities in sediment remained constant. At the einthe exposure period, 4 scallops were
collected, dissected (shell, digestive gland, kydngills, gonad, mantle, intestine, adductor
muscle and the remaining soft tissues), weighedatidanalyzed in order to determine the
radiotracer body distribution. The 6 remaining kxzd were transferred to a new 20-| glass
aquarium, placed in depuration conditions for Jtldan sediment under flowing seawater -
50 | h'-, daily feeding orskeletonema costatum andlsochrysis galbana at 5x 10 cells mi%),
and regularly-counted. The radioactivity in sediment was redulenecked in order to
ensure that no tracer recycling occurred in thénsest. Although no radioactivity was
detected, the whole sediment was renewed aftewer&. At the end of the loss period (31
d), 4 scallops were collected and dissected agitedcabove to determine body distribution
of >’Co, **Mn and®Zn and their subcellular distribution in the digestgland, gills and

adductor muscle (see below).

Subcellular fractionation



The digestive gland, gills, and adductor muscleawesed to assess the partitioning’@fo,
>*Mn and®*Zn between “soluble” and “insoluble” cellular framis as described by
Bustamante and Miramand (2005). Briefly, the orgaase homogenized individually with a
mortar and pestle on ice with 10 ml of 0.02 M TH& buffer, 0.25 M sucrose, 1 mM
phenylmethylsulfonylfluoride (PMSF, as proteasabithr), at pH 8.6. The homogenates
were centrifuged at 80,000 G for 1 h at 5°C in av8ib RC28S ultracentrifuge to separate a
particle-free supernatant (cytosol, viz. the sa@ubdction) from the pellet (insoluble

fraction). Homogenate aliquots, cytosols, and pelleere then radioanalyzed.

Data analysis

Uptake kinetics of the radioisotopes were expregséerms of concentration factors (CF:
ratio between the radiotracer activity in scalleBg g* wet weight- and the time-integrated
activity in the seawater -Bqy over time for the seawater exposure and in terfsnsfer
factors (TF: ratio between the radiotracer actiirtgcallops -Bq g wet weight- and the time-
integrated activity in the sediment -Bd get weight) over time for the sediment exposure.
Radiotracer uptake kinetics were best fitted ugitiger an exponential model with saturation

(eq.1) or a linear model (eq.2).

CR = CRs(1-e e (eq.1)

CR=Kk,t (eq.2)

where Ckand Cksare the concentration factors at time t (d) arsteddy state, respectively

(CFss= ki/ke), and k and k are the uptake and depuration rate constais (@spectively

(Whicker and Schultz 1982).



Radiotracer depuration kinetics were expressed agré&maining activity
(radioactivity at time t divided by initial radio@aty measured in scallops at the beginning of
the decontamination periadl00). The % of remaining activity were plotted iagatime and
the depuration kinetics were best described bynals+ (eq.3) or a double-component

exponential model (eq.4).

A= A€ fe! (eq.3)

Ai= Ags€ Fest+ Ag e kel (eq.4)

where A and A are the remaining activities (%) at time t (d) &)despectively; kis the
depuration rate constant{gd ‘s’ and ‘I' are the subscripts for the ‘shortdid’ and ‘long-
lived’ components, respectively. For each expomertmponent (s and I), a biological half-
life can be calculated (J.sand T,) from the corresponding depuration rate constantad
ke, respectively) according to the relatiog,E In2/k.. Regarding feeding experiments, the
‘long-lived’ exponential term describes the propmrtof the radiotracer ingested with food
that is actually absorbed by the organism. Theespaonding 4 is an estimate of the
assimilation efficiency (AE, %) of the consideredliotracer (Temara et al. 1996; Warnau et
al. 1996).

The best fitting regression models were selectedrding to highest determination
coefficient and examination of residuals (Lacouédrshe et al. 2008). The level of

significance for statistical analyses was alwaysate < 0.05%.

Results

Seawater exposure



Pecten maximus efficiently bioconcentratedCo, **Mn and®zn from the dissolved phase
according to linear uptake kinetics3®0.80, 0.85 and 0.78, respectively; Fig. 1 andl@a
1). The uptake rate constants)(increased following the ordet'Co <®°zZn <>Mn.

The concentration factors reached at the end afipteke period (Ck) in the whole
organism and tissue compartments are presenteabile 2. The in toto Chwere 63 + 19 for
*'Co, 82 + 24 for"Mn and 73 + 21 fof>Zn. The CFqin the shells was higher than in the
whole soft tissues fo¥Co (121 + 26 vs. 40 + 10, respectively) andftn (122 + 20 vs. 72
+ 25, respectively). An opposite trend was found®f@n (61 + 21 vs. 170 + 32). Among soft
tissues, the kidneys were the most efficient bigeotrating organs for the three metals with
CFyq Of 2,374 + 787 for'Co, 4,166 + 1,774 fof'Mn and 5,063 + 1,897 féfZn. CFq values
in other soft tissues were at least one order gfmbade lower than those in kidneys.
Generally Cky did not exceed 100 with the exception of the digesgland and gills fof°zn
(797 + 134 and 181 + 9, respectively) and remaisioig tissues for'Mn and®Zn (229 + 319
and 212 + 75, respectively).

In terms of radiotracer tissue distributio®€o, >**Mn and®Zzn were mainly found in
kidneys (Fig. 2). These organs contained 68 and 64dte total body burden 8fCo and
>Mn, respectively, but only 34 + 4% of the totan.

After the exposure period, unspiked conditions westored and the radiotracer
depuration was followed for 36 d. The whole-bodputation kinetics of’Co and®™zn were
best described by a double-component exponentideh(& = 0.42 and 0.55, respectively;
Fig. 1 and Table 1) whereas it was not possiblietermine the depuration kinetic parameters
for >*Mn. Nevertheless, the retention of this latter he&s strong as 85 + 5% of the initial
activity was still associated with the scallop uiss at the end of the 36-d depuration period.

The major part of th&’Co and®>Zn taken up was efficiently absorbed in the scallop
soft tissues (& > 76%). The estimated depuration rate constatiteofong-lived component

(ke)) for both radiotracers was low (< 0.004) and nghigicantly different from 0 (p> 0.3),



indicating that the derived biological half-liveeme not significantly different from infinite
(Fig. 1 and Table 1).

The dissections carried out during the depuratiniogd showed that'Co, **Mn and
®5Zn were stored in the kidneys Bf maximus (Fig. 2): the proportion ofCo remained
constant throughout the depuration period (68 8;7&uey= 0.47), whereas the proportion
of *Mn and®Zn increased significantly {gey < 0.002 in both cases) from 64 to 88% and
from 34 to 69%, respectively (Fig. 2).

Regarding activities (Bqhwet weight), renal activity oFMn increased linearly
throughout the depuration period, wher&&s activity reached a steady state (Fig. 2). For
*’Co, the renal activity remained constant throughbetdepuration period. The radiotracer
depuration kinetics were also followed in the otbyans®Zn in the digestive gland showed
a decrease in both its activities and relative @otst In gills, the radiotracers were depurated
following a non-linear regression. Finally, in ta@ductor muscle, change in radiotracer
activity depended on the element considet&o activity decreased steeptiMn
significantly increased, arfdZn remained constant throughout the depuratiorogéfig. 2).

From the end of the uptake period to the end ofitmuration period, subcellular
fractionation was apparent in the digestive glayilts, and adductor muscle (Fig. 3jMn
was mainly found in the insoluble fraction, in peutar in the adductor muscle (i.e., 70 —
90%).>'Co was generally higher in the soluble fractiorthef studied organs whereas
partitioning of®>Zn was dependent on the organ. This latter elemastmainly associated
with the soluble fraction in the digestive glande%), was equally distributed between
soluble and insoluble fractions in the gills, andimty in the insoluble fraction in the adductor

muscle (~ 60%).

Food exposure



To evaluate the influence of phytoplankton speoiesnetal assimilation and retention in
Pecten maximus, depuration kinetics of the three essentials rmetare followed after a
pulse-chase feeding, using radiolabelld etonema costatum or Isochrysis galbana.

Whole-body depuration kinetics 8Mn, >’Co and®™Zzn were best fitted by a double-
component exponential model (Fig. 4 and Table g dssimilation efficiency and retention
of the three radiotracers as well as the influesfdee food source on these parameters were
metal-dependent.

>’Co was poorly assimilated with both foods (AE w8s+214% withl. galbana and 4
+ 4% with S. costatum). However, once incorporatéfCo was relatively well retained in the
scallop tissues ¢, = 20 and 12 d, respectivelyfMn ingested wittS. costatum was much
more efficiently assimilated (AE = 82 + 7%) thanemhingested with. galbana (AE = 44 +
4%) but there was no significant difference inré@gention according to the food source.{T
49 + 22 d withS costatum and 25 + 9 d with. galbana). In the case dfZn, assimilation was
very high for both phytoplankton strains (AE68%). However, wheffZn was ingested with
S costatum, its retention in the scallop tissues was lower,(¥ 79 = 18 d) than when
ingested witH. galbana (Tpy, > 193 d).

At the end of the depuration period, the distribntpattern of each radiotracer among
the different organs and tissues did not differoading to the phytoplankton species ingested
(Tukey test after arcsine data transformation;(p05) (Fig. 4). The major part 3Mn was
stored in the kidney$(80%), wheread'Co and®>Zn were mainly found in the digestive
gland (22 - 35%) and kidneys (39 - 49%). Low tisaagvities for’’Co and®Mn in both
feeding experiments generally did not allow an agt®uiassessment of the subcellular
fractionation. The only exception was f8Mn in the kidneys at the end of theyalbana
experiment: 96 + 2% ofMn was associated with the insoluble subcellulaction. In
contrast, the subcellular distribution®Zn could be determined accurately (Fig. 5). With
galbana as food, most of th&Zn was in the insoluble fraction in the kidneys 98%). In

the digestive gland>Zn ingested with. galbana was mainly associated with insoluble



components (53 = 2%) whereas it was mainly founithénsoluble fraction when ingested
with S. costatum (65 + 7%). Differences between feeding experimansibcellular

fractionation of°Zn in gills and adductor muscle were not statiiicgignificant.

Sediment exposure

The grain size distribution of sediment used ingkperiments was mainly (95.8%) 76 to 302
pm and its dry/wet weight ratio was 0.80. Radiagraactivities in sediment were quite
constanthroughout the exposure period, i.e., 17 + I°p g*; 15 + 2 Bg"*Mn ¢g*; 36 + 3

Bq °°Zn g* wet weight.

Whole-body uptake kinetics of sediment-bound radusrs were best fitted by a
linear model for*Mn (R? = 0.61) and by a saturation exponential modehéndase ot’Co
and®Zn (R = 0.62 and 0.84, respectively) (Fig. 6 and Tabldar both°’Co and®*zn,
steady-state equilibrium was actually reached duitie experiment. After 13 d, the measured
TF1aqin toto reached 0.07 + 0.04 fJCo, 0.19 + 0.12 for*Mn, and 0.05 # 0.01 fo’Zn
(Table 3).

Among the different tissues, the highestshkvere found in the kidneys for all three
tracers (Table 3). With the exception of the diiyesgland for"°Zn (TFRiss= 1.9 + 0.6), the
kidneys were the only compartment with a5 1.

Among the different tissues, the kidneys also doeththe highest fraction (up to 78
9%) of the total body burden dfCo, **Mn and®zn (Table 4). Although significantly less
than kidneys, the digestive gland contained sulistabut significantly smaller amounts of
metals, especially/Co and®®Zn (i.e., 22 and 24%, respectively).

When non-exposure conditions were restored, whotBldepuration kinetics 6fCo,
*Mn and®®zn were followed for 31 d. The three metals wernewlated according to a two-
component exponential model (Table 1). However>¥6p the parameters ¢Aand kg of

the short-lived component could not be determirediately. The tissue distribution of the



three metals was similar at the beginning andettid of the depuration phase (Table 4),
with the kidneys containing the major part of tbtalt radiotracer contents. In terms of
radiotracer activity, there was a decrease irhadld radiotracers in the digestive gland during
the 31-d depuration period: from 3.9 + 1.3 to 8832 Bq ¢ for °’Co, from 0.51 + 0.24 to
0.18 + 0.05 Bq  for **Mn, and from 67.9 + 21.2 to 29.7 + 11.4 B fgr ®°zn. Similarly,
renal activities of’Co decreased from 40.8 + 25.8 to 6.5 + 1.5 Bdpgt, in contrast*Mn
and®Zn activities in kidneys remained constant durimat pperiod (pukey > 0.05). It is
noteworthy that, during the depuration ph&32n activity in the adductor muscle
significantly increased from 4.5 + 0.2 t0 5.7 + 8q g* (p = 0.033), leading to a concomitant
increase in the radiotracer proportion in thisuess

During the depuration period, subcellular partitmwas examined in the digestive
gland, gills, adductor muscle, and kidneys (Fig Ag}ivities in the subcellular fractions
could be accurately measured only%an in all the organs, and f6fMn in kidneys. In the
kidneys,>*Mn and®Zzn were mainly localized in the insoluble fracti@m®., 98%). For the
other tissues, the insoluble subcellular fracti@salso where the major proportior’&n

was found.

Discussion and conclusions

Previous studies of Co, Mn, and Zn concentratiorscallop tissues mainly used field
samples, and extremely high concentrations of MhZmwere reported in pectinid kidneys
(i.e., 10 to 20 mg Mn or Zn'gDW (Bryan 1973; Mauri et al. 1990; Bustamante and
Miramand 2005). Only the Antarctic scalldfdamussium colbecki, had renal Mn and Zn
concentrations < 200 pg-dW (Mauri et al. 1990). Relatively high Co conaatibns were
also reported in the kidneys of scallops from terafgeand tropical regions, i.e., up to10 pgg g
! DW (Bryan 1973; Bustamante and Miramand 2005; afeét al. 2008b). Field data suggest

that the kidneys (and secondarily the digestivedjiglay an important role in



bioaccumulation of these metals, but virtually nformation has been available on the uptake
pathways for these elements.

When exposed via the seawateggcten maximus efficiently bioconcentrated the three
essential metals examined, i.e. on average 65 tor@$ the metal concentrations present in
the surrounding seawater after only 7 d of expodaraddition, the three essential metals
were strongly retained in the scallop tissues. &lodmracteristics, viz. efficient
bioconcentration capacity, high absorption andtete efficiencies, suggest that even if low
essential metal concentrations occur in the sudimgnenvironment, the scallops would
readily bioconcentrate the essential elements reddor their metabolic needs.

Our dietary exposure experiments with a diat8keletonema costatum, and a
flagellate,lsochrysis galbana, showed that food quality played an important iolboth the
assimilation and retention of metals ingested wWithfood For Co, the AE was higher when
ingestedwith |. galbana than withS costatum, whereas an opposite trend was observed for
Mn and Zn. Several factors related to food qualdyld explain these differences, such as the
carbon composition of the algal species and/optbeortion of the metals stored in
bioavailable forms in the cytoplasm of the phytogdan cells (see e.g., Reinfelder and Fisher
1991; Reinfelder et al. 1997; Ng et al. 2005; Met&aal. 2008a). The physico-chemical
conditions within the gut and the digestive proessaso play a major role in efficiency of
metal assimilation from food (e.g., Reinfelder [etl@97). Hence, it has been proposed that
the higher AE observed for Ag i maximus when fedS. costatum than when fed. galbana,
could be due to a difference in gut transit timetf@ two phytoplankton species, the transit
being longer folS. costatum (Metian et al. 2008a). Although a similar longet transit time
for S costatum was observed in this study (see the much slovitalidecrease in depuration
kinetics and the corresponding longei,J; after feeding ors. costatum; Fig. 4), the
correlation with a higher AE does not appear obsidndeed, in the case of Co, its AE when
ingested witH. galbana was much higher (by a factor of 7) than when itegksvithS.

costatum.



SinceP. maximus lives buried in the sediment and sediment padibkve been
reported in scallop stomachs (e.g., Mikulich andAen-Lukamina 1981; Shumway et al.
1987), metal transfer via this pathway was asse$s@dhe three essential metals studied,
estimated TFs . maximus were lower by 3 to 4 orders of magnitude than Gisutated
after 7 days of seawater exposure. This indicatesch lower bioavailability of metals when
bound to sediment than when dissolved in seawldtaxever, metal concentrations reported
in sediments are generally far higher than thoseawater (e.g., Danis et al. 2004), and
sediment could therefore contribute significantiyttie total metal uptake in scallops despite a
low transfer efficiency. Moreover, once incorpothteore than 85% of the metals taken up
from sediment were incorporated and strongly retifl,1,> > 1 month) in scallop tissues.

In order to assess the relative contribution ofdififerent exposure pathways (i.e.
seawater, food, and sediment) to total metal big@actation in the scallop, a biodynamic
model was applied, considering three different kpf@athways (seawater, food and
sediment) as described by Metian et al. (2008ayi@ily proposed by Thomann (1981), this
model has been used and adapted by others (emglrura et al. 1992; Thomann et al. 1995;
Reinfelder et al. 1998; Metian et al. 2008a, 20Qtake and depuration kinetic parameters
estimated for Co and Zn were used in the modell&tieof depuration data for Mn did not
allow global computations for this element). Besitlee kinetic parameters, the model also
required other parameters that were either caledifftom the results of our experiments or
taken from the literature. Calculated parametene\lee partitioning coefficient between
food and seawater (: 8.47x 10° and 1.35 10 for Co and 6.62 1¢f and 1.1 10°for Zn
in S. costatum andl. galbana, respectively). Literature-derived parameters wieee
partitioning coefficients between sediment and sgan(Ky s 3x 10° for Co, and & 10 for
Zn; IAEA 2004) and the ingestion rate of the sqafomaximus (IR: 0.0404 gg* d*; Metian
et al. 2008a).

Model results highlight the predominant role of geticulate pathway (i.e. food

and/or sediment) in the total bioaccumulation ofadd Zn inP. maximus. Food was found to



be the main route of Zn bioaccumulation and contatd from 88 I(. galbana) to 100% &.
costatum) to total Zn bioaccumulation in the scallop. Algbugenerally less important than in
P. maximus, preferential mobilization of Zn from food has hesdso shown experimentally
for other bivalves such as the muddggtilus edulis (e.g., contribution of 67%; Wang and
Fisher 1999), the scalldphlamys varia (contribution of ca. 100%; Metian et al. 2009) and
tropical oysterdsognomon isognomon andMalleus regula (contribution of 57-75%; Hédouin
et al. in press). In the case of Co, sediment Wwasrtajor source of the metalfamaximus
regardless of the phytoplankton species that wad as food (89 and 99% wigh costatum
andl. galbana, respectively). Such an elevated contribution ftbre pathway might be partly
related to Co speciation in sediments. Indeed,ooiganisms are known to biotransform
inorganic Co into organic Co (e.g. cobalamine)dieg to high concentrations of cobalamine
in estuarine mud (up to 3 ug W) and in activated sewage sludge (up to 50 1BW)

(e.g., White et al. 1973; Hamilton 1994). Cobalagima vitamin (vit. B12) for marine
organisms, including many phytoplankton speciegftGt al. 2006). It is much more
efficiently bioaccumulated and strongly retainedrtinorganic Co (e.g., Nolan et al. 1992).
However, the quite low Co TFs that we measurdd. maximus indicate that if any such
biotransformation occurred in our experiments,asvimited.

Determining the relative importance of differenpegure pathways for metal
accumulation in marine organisms is important feeipreting field observations and for
better understanding environmental effects. Indegubrmits us to relate possible differences
in metal concentrations in organisms to differerinesetal concentrations in different
compartments of the ecosystem (seawater, foodsddiment). For example, 8. maximus,
the sediment pathway could be identified as theomapaccumulation pathway for Co, and
food as the main source of Zn. These results apaicular interest in the field of
toxicology: toxicological tests using scallops gemerally limited to seawater exposures, and
sometimes to dietary exposures (e.g., Nelson é036; Pesch et al. 1979; Gould et al. 1985;

Métayer et al. 1990; Berthet et al. 1992). In fghtlof our results, more appropriate toxicity



tests (i.e. considering sediment and food as msetaices) would be more environmentally
relevant and would reduce the risk of underestimgatnetal toxicity in Pectinidae.

Whatever the exposure pathway, the target orgatieedhree essential metals were
always the kidneys and then the digestive glanddtttion, the similarity in subcellular
distribution of the elements whether exposure waseawater, food or sediment suggests
that the processes governing their accumulationdatakification were similar regardless of
exposure mode. Changes in metal concentrationsgldapuration following seawater
exposure highlighted the importance of the kidreystorage organs. Mn concentration
linearly increased in the kidneys over 5 weekseagfutation, indicating that this metal was
transfered from other tissues to the kidneys whiimavas stored. Storage of Mn in the
kidneys ofP. maximus might be related to the precipitation and/or ceegpitation of this
metal into mineral (CaPfpgranules (George et al. 1980). The subcellulstridution of Mn
in kidneys of scallops exposed via the fobdyélbana) and via the sediment strongly
supports this assumption as more than 96% of thalmvas associated with the insoluble
fraction which contains the metal-enriched CaBfanules. In contrast, translocation of Zn in
the kidneys during the seawater depuration peeadhed a steady-state equilibrium after 10
d, which may represent an equilibrium between toarasion of Zn into the kidneys and its
subsequent renal excretion. It is striking thatnetteugh Mn and Zn showed different
elimination dynamics, they were both mainly stoirethe insoluble cellular fraction. In
contrast to Mn and Zn, renal Co did not changeisagmtly during depuration. Since Co did
decrease in the other organs, either a very lowr&wfer to the kidneys occurred or the
scallop kidneys have a very efficient excretionazaty for this metal. To the best of our
knowledge, the incorporation of Co into renal malgranules has not been demonstrated in
Pectinidae (George et al. 1980). In the digestlaadjofP. maximus, we found that Co was
always mainly associated with the soluble cellédaction for the three exposure pathways.
Although information on cellular detoxification G in mollusks is scarce, our data agree

with field observations: more than 65% of the Cs\Wecalized in the cytosolic fraction of the



digestive gland of the scallgphlamys varia and the cuttlefisi®epia officinalis (Bustamante
and Miramand 2005; Bustamante et al. 2006, respyg}i Hence, although requiring
confirmation, these data do not support a prefekstorage of Co in the kidneys as mineral

granule-precipitated forms, and rather substanéidtigh renal elimination capacity.
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Captions to Figures

Fig. 1 Uptake and depuration kinetics €0, >**Mn and®Zn in Pecten maximus exposed for
7 d to dissolved radiotracers (concentration fact@f-; mean = SDn = 9), then maintained

for 36 d in clean conditions (remaining activity=%mean = SDnp = 9).

Fig. 2 Distribution of radiotracers among soft tissue®edten maximus (mean % + SDn =
4) and kinetics of change 1Co, **Mn and®Zzn activities (mean BqGWW + SD;:n=4) in

selected organs during the depuration phase aitat exposure to the dissolved radiotracers.

Fig. 3 Radiotracer fraction (%) = 4) in insoluble cellular fraction of selected ang of
Pecten maximus during 36-d depuration phase following a 7-d exjpedo dissolved

radiotracers.

Fig. 4 Influence of phytoplankton foodel etonema costatum andlsochrysis galbana) on
whole-body depuration kinetics (remaining activitg-; mean + SDn = 9 forS. costatum
andn = 6 forl. galbana) of ingested’Co, >*Mn, and®Zn in Pecten maximus and body

distribution of radiotracers determined 16 dyélbana) or 21 d &. costatum) after feeding.

Fig. 5 Proportion of°Zn (%; mean + SDn = 4) associated with insoluble fraction of céfis

selected tissues &fecten maximus exposed via food or sediment.

Fig. 6 Uptake (a) and depuration (b) kinetics &0, **Mn and®Zn in Pecten maximus
exposed for 13 d to sediment-bound radiotraceasgter factors -TF-; mean £ SBz= 6),

then maintained for 31 d in clean conditions (remimay activity -%-; mean + Sy = 6).
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Table 1 Estimated uptake and depuration kinetic parameter&Co, **Mn and®Znin whole scallopsPecten maximus 1) exposed for 7 d to
dissolved radiotracers € 9) and then maintained for 36 d in clean seaw(ater9); 2) after a 2-h feeding on radiolabefé@ etonema costatum
and Isochrysis galbana followed by 21 d 1t = 9) and 16 dr{ = 6) in non-exposure conditions, respectively)] &) exposed for 7 d via the

radiolabelled sediments € 6) and then maintained for 31 d in clean sediraedtseawaten(= 6).

UPTAKE KINETIC PARAMETERS . CFgs AND TF¢s CONCENTRATION AND TRANSFER FACTORS AT STEADY STATE ; Ky: UPTAKE
RATE CONSTANT (D)

DEPURATION KINETIC PARAMETERS . Ags AND A : ACTIVITY (%) LOST ACCORDING TO THE SHORT - AND THE LONG -LIVED
EXPONENTIAL COMPONENT , RESPECTIVELY ; Te,: BIOLOGICAL HALF -LIFE (D). SE: ASYMPTOTIC STANDARD ERROR ; R:

DETERMINATION COEFFICIENT OF UPTAKE OR DEPURATION K INETICS.

Experiment Uptake Depuration
Metal CFyor TRet SE k+ SE R? Ags + SE T s * SE Ag = SE T o SE R2
Seawater
*'Co - 9.3+0.3 0.80 255+4.1 0.8+0.4 76.6 +3.3 280* 0.42
*Mn - 13.4+0.4 0.85 n.d. n.d. n.d. n.d. n.d.
Zn - 11.1+0.4 0.78 17.6 +4.6 1.3+0.6 83.1+4.0 192* 0.55
Food
*'Co -S costatum - - - 96.1 +11.5 34+1.1 419 +4.19 12.4 0.36
*Co -1. galbana - - - 71.5+14.6 1.0+0.4 28.9+14.3 20 0.36
*Mn - S. costatum - - - 27.6+6.7 0.7 82.0+6.8 49 + 22 0.44
*Mn - I. galbana - - - 54.4 +5.0 0.2+0.1 435+3.7 25+9 0.89

34



®Zn - S. costatum

®Zn -1. galbana
Sediment

57Co

54Mn

GEZn

0.067 + 0.007
n.d.
0.028 + 0.001

0.014 £ 0.002
0.014 + 0.001
0.011 £ 0.001

0.62
0.61
0.84

13.8+3.6
31.5+10.3

13.4+7.8
12.3+3.9

0.03
0.2

0.9
0.13

86.2+1.9
68.4+7.6

85.6+3.1
86.6+7.4
87.7+£2.0

79+18
193*

479
68 £31
114 + 28

0.39
0.32

0.36
0.45
0.84
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Table 2 Concentration factors (mean CF + S$Dx 5) of>’Co, >*Mn and®Zn in Pecten

maximus and its tissues following 7-d exposure to dissolkaatiotracers

Compartment >Co >Mn %7Zn
Whole body 63 +19 82 +24 73+21
Shell 120 + 30 120 + 20 61 +21
Soft tissues 40 £ 10 72 + 25 170 + 30

Digestive gland 60 + 23 76 £ 20 800 £ 130

Gills 19+8 42 + 14 180 + 10

Kidneys 2370 £ 790 4170+ 1770 5060 + 1900

Intestine 14+ 10 27+ 17 57 +12

Gonad 15+ 18 29 + 37 82 +47

Foot 8+4 13+1 79+9

Mantle 6+1 9+3 63 £ 15

Adductor muscle 8+2 16 +£5 54 +13

Remainder 49 + 41 230 + 320 210 + 80

36



Table 3 Transfer factors (mean TF + SB= 4) of°’Co, >*Mn and®Zn in Pecten maximus

and its tissues following 13-d exposure to sedintenind radiotracers

Compartment 5Co 5Mn ®Zn
Whole body 0.07 £0.04 0.19+0.12 0.05+0.01
Shell 0.09 + 0.02 0.17 £+ 0.08 0.02 £0.00
Soft tissues 0.07 £0.01 0.04 +0.02 0.32 £0.02

Digestive gland 0.23 + 0.08 0.03+0.02 1.90 + 0.59

Gills 0.01 £0.00 0.03+0.01 0.12 £ 0.01

Kidneys 2.38+1.51 5.65+2.10 12.7 £ 4.2

Intestine 0.09 £ 0.05 0.02 +0.01 0.22+0.17

Gonad 0.08 £ 0.08 0.15+0.15 0.54 +0.54

Foot 0.03+£0.01 0.02+0.01 0.18 £ 0.04

Mantle 0.01 +£0.00 0.01 +£0.00 0.12+0.01

Adductor muscle <0.01 0.01+£0.01 0.13 +0.00

Remainder 0.06 £ 0.02 0.04 £+ 0.04 0.30 £ 0.09
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Table 4Body distribution of’Co,>*Mn and®Zn in Pecten maximus (mean % + SDn = 4) after 13-d exposure to radiolabelled sediment

(Uptake phase) and after a subsequent 31-d depi@epuration phase)

57Co

54Mn

GEZn

Uptake phase

Depuration phase Uptake phase

Depuration phase Uptake phase

Depuration phase

Digestive gland
Gills

Kidneys
Intestine

Gonad

Foot

Mantle

Adductor muscle
Remainder

22+4
9+3
51+10
1+0
4+4
1+0
7+2
4+1
2+1

207
8+1

39+14

4+2
9+3
4+1
9+2
4+1
2+1

2+1
5*1
78+9
<1
4+4
<1
3x1
6+3
1+1

1+0
2+1
83+3
<1
4+1
<1

24 +7
6+4
37+3
<1
3+3
<1
13+1
16 +3
1+0

12+5
4+0
515
<1
4+0
<1
7x0
21+1
1+0
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