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Abstract: Cuttlefish eggs were exposed’dAm, Co, Cs, Mn and Zn for different periods of time
during the 50-d of the embryonic development atCl7Exposures were carried out using
background dissolved concentrations of the metasg the correspondingemitting radiotracers
(**'Am, ®'Co, “Cs, **Mn and ®°zn). Eggs were then placed in non-contaminatingditimms.
Experiments allowed assessing 1) the uptake andratépn kinetics of the selected elements and 2)
their distribution among the different egg compamits (i.e. eggshell, vitellus, peri-vitelline fluid
and embryo).?*’Am, Co and Zn were accumulated continuously by éugs all along the
development time, whereas Mn reached saturatiar afte month of exposure. Interestingly, the
uptake kinetics of Cs tightly followed the weighdriation of the eggs, mainly because of water
influx/outflux. During the first month of the emtayic life, **’Am, Co, Cs, Mn and Zn remained
associated with the eggshell, indicating that thief acted as an efficient shield against their
penetration. Nevertheless, from this time onwaf@s, Cs, Mn and Zn accumulated more or less
efficiently in the embryo according to the followirder: Cs > Zn > Mn > C3*Am was the only
element tested that did not cross the eggshellafig the exposure time. The depuration kinetics
revealed that the retention capacity of the egggedaduring the embryonic life. The contrasting
accumulation biokinetics are discussed in term<lodmical and biological processes occurring

during the cuttlefish egg development.
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1. Introduction

The development of nuclear facilities and fallownfi nuclear weapon testing resulted in the
release of many medium- and long-lived radionuslitteo aquatic environments such A%m,
>'Co, 1¥'Cs or®Mn (e.g., Warnau et al., 1999; Ke et al., 2000xh8ligh these radionuclides are
generally considered as micropollutants in the nsgthese elements are known to accumulate in
marine organisms (e.g., Miramand and Guary, 198&arnau et al., 1996a,b, 1999; Baden et al.,
1999; Ke et al., 2000; Rodriguez y Baena et alQ8a). In addition, radionuclides are of specific
interest given the ecotoxicological concern regaydheir stable isotopes. It is therefore possible
use radiotracers in order to study the bioaccunmdiehaviour of the corresponding stable elements
that are present in marine waters (e.g., WarnawBaistamante, 2007).

Along the European Atlantic coasts, the commonlefigh Sepia officinalis lives offshore
during winter and makes long reproductive migragiam spring to mate and to spawn in coastal
waters (Boucaud-Camou and Boismery, 1991). The kgdsn shallow waters are thus subjected to
chronic and/or acute exposure to various contansnanch as trace elements which are released
from human activities in the coastal marine enwinent (Danis et al., 2004). When laid, eggs are
fixed on hard substrata and exposure to contansnamicur during the whole embryonic
development as well as during the juvenile stad# tine new cohort leaves the coast towards deeper
waters. Certain trace elements are known to belyhtgRic to early developmental stages of marine
invertebrates (e.g., Calabrese and Nelson, 1974n&\eaet al., 1996c; Coteur et al., 2003). However,
very little is known on the related effects of ga@lements on cuttlefish development for both acute
and chronic exposure and their bioaccumulatiorotsaell documented (see e.g., Lacoue-Labarthe et
al. 2008a,b).

Cuttlefish eggs show several specific charactegstincluding the fact that the telolecithe
oocyte is surrounded by a first membrane (i.e.cth@rion) derived from the follicular cells in the

ovary. At spawning time, it is embedded in mucosaitses produced by the oviducal gland. Once



released in the mantle cavity, the oocyte is wrdppe ink-stained secretions from the nidamental
gland (Jecklin, 1934). These different layers pbtke embryo against the surrounding environment,
allowing the embryos to remain protected at lowetiBoletzky, 1986). During the early
development, the eggshell first hardens at theaobraf seawater and then becomes thicker by the
polymerization of its components. Then, the eggwgrdue to entry of water from the seawater to the
hypertonic peri-vitelline fluid (De Leersnyder abhémaire, 1972) and, as the egg swells, the eggshell
becomes clearly thinner, being almost transparematahing time (Wolf et al., 1985).

Preliminary studies carried out during the last tmeeks of the development have shown that
cuttlefish eggs did not show the same bioaccunaragificiencies for different trace elements (i.e.
Ag, **Am, Cd, Co, Cs, Zn) (Bustamante et al., 2002, 2@086b). Consistently with these studies,
Lacoue-Labarthe et al. (2008a) recently showed Algatvas accumulated efficiently in the embryo
only during the last 20 d of its development. Imtrast, the latter authors also reported that Cd
passed slightly across the eggshell, and only duhe last few days of the egg development, which
highlighted the eggshell time- and element-selecgixoperties. Additionally, the analysis of several
metals in cuttlefish eggs collected in the fieldwkd that metal distribution between the eggshell
and the embryo was element-dependent (Miramanid, 086).

In this context, the aim of this study was to irfigege the bioaccumulation of five metals
(***Am, Co, Cs, Mn and Zn) during the whole embryo demment time (from spawning (day 0) to
hatching (day 50) in cuttlefish eggs chronicallypesed to these elements dissolved in seawater.
Gamma-emitting radiotracer$*Am, *>’Co, *“Cs,>Mn, and®Zn were used to investigate the uptake
and depuration kinetics at background concentrat{®arnau and Bustamante, 2007). Radiotracer
distribution among the eggshell, vitellus, embrya peri-vitelline fluid was also assessed in otder

determine the eggshell permeability changes acegitdi the development stages.

2. Materials and methods



2.1. Organisms, radiotracers and experimental procedure

Twelve adult cuttlefish were collected by net-fighioff the Principality of Monaco in March
and April 2006. Male and female cuttlefish wereliacated and maintained in open-circuit tanks in
the IAEA-MEL premises. After mating, the fertilizedggs laid by each single female were
immediately separated to optimise their oxygenatidre eggs (n = 310) were placed for up to 50 d
in a 70-L glass aquarium containing 0.45-um filkereatural seawater (constantly aerated closed
circuit; temperature 17 = 0.5°C; 37 p.s.u.; lightkdcycle 12h/12h) that was previously spiked with
2IAm (0.2 kBq LY, °'Co (1 kBq LY, 2*Cs (2 kBq LY, *>*Mn (1 kBq L) and®zn (1 kBq L.
These activities corresponded to an addition dfd7, 256 and 65 pg L stable Co, Cs, Mn and Zn,
respectively. The temperature of development censalwas chosen to represent the mean seawater
temperature in the natural environment during ffesing period off Monaco.

Radiotracers were purchased from Amersham, ##i, >'Co, *!Cs) and Isotope Product
Laboratory, USA Mn, °°Zn): ?*Am [as **AmNO;; Ty, = 432 y,*'Co [as®'CoCh; Ty, = 272 d],
134Cs [as™*'CsCl; T, = 2 y], **Mn [as>*MnCly; Ty, = 312 d], and*Zn [as®*ZnCly; Ty, = 244 d]. Stock
solutions were prepared in 0.1 N nitric aditf&m) or in 0.1 N chloridric acid (other radiotrackts
obtain radioactivities allowing the use of spiké®woly a few microliters (typically 5 pL)

Seawater and radiotracer spikes were renewed daring the first week of the experiment
and then every second day to maintain water qualty radiotracer concentrations constant. Due to
the lack of the radioisotop&®Cs spikes were stopped after thd" 4Ry of the development time.
Radiotracer activities in seawater were checkedrbefind after each water renewal in order to
determine the time-integrated radiotracer actisifiodriguez y Baena et al., 2006a). At different
time intervals the radionuclide activities were ctaal in the same group of 8 tag-identified eggs all

along the experiment. At each counting time, thggéal 8 eggs were weighed (Fig. 1) and 4



additional eggs were counted and dissected to rdeterthe radiotracer distribution between the
eggshell and vitellus or (after one month, i.e. wdevelopment and size allowed distinguishing and
separating the egg compartments) among eggshelliding the chorion), vitellus, embryo and peri-

vitelline fluid.

After 7, 18, 27, and 40 days of exposure, a batdygs (n = 70, 60, 50 and 40, respectively)
was removed from the exposure aquarium and held 70-L glass aquarium supplied with clean
flowing seawater (open circuit with constant aemtiflux 50 L h'; temperature 17 + 0.5°C; 37
p.s.u.; light/dark cycle 12h/12h). In each batckg8s were distinctly tagged and counted at dififere
time intervals to establish the depuration kinet€she radiotracers. At the end of the respective
depuration periods (i.e. 43, 22, 13 and 10 daydepiration), the radiotracer distribution among the
different egg compartments was determined in 4 .eggslitionally, groups of 8 unexposed eggs
were tagged and placed in each aquarium duringrdgpn experiments to be used as control for

possibleé®*’Am, *>'Co, **Cs,**Mn and®Zn recycling via seawater.

2.2. Radioanalyses and data treatment

Radioactivities were measured using a high-reswlugispectrometry system consisting of
four coaxial Germanium (N- or P-type) detectors KBS 33-195-R, Canberfaand EurysiS)
connected to a multi-channel analyzer and a compdaipped with a spectra analysis software
(Interwinnef 6). The detectors were calibrated with an appateristandard for each counting
geometry used and measurements were corrected aitkgtound and physical decay of the
radiotracers. Counting times were adapted to obtalative propagated errors less than 5%
(Rodriguez y Baena et al. 2006b). They ranged ft0no 30 min for whole eggs and from 10 min to

24h for the dissected egg compartments.



Uptake of**Am, >'Co, 1*“Cs, **Mn and®*Zn was expressed as change in load/concentration
ratio (LCR, g; ratio between radiotracer contentthe egg or egg compartment —Bg— and time-
integrated activity in seawater —Bd)gover time, as described in Lacoue-Labarthe e{28108a).
Although this ratio is rather unusual to express metalmcilation, whole radioactivity content in
eggs or in their compartments waeferredover classical expression in terms of concentnatior
concentration factors (e.g., Warnau et al., 1996ayder to overcome the dramatic weight variations
of the whole eggs due to water incorporation dutiregdevelopment and that tends to hide the actual
accumulation of metals in the whole egg (Lacouedttd® et al., 2008a).

Uptake kinetics were best described by using eithénear equation (Eqg. 1), a saturation

exponential equation (Eq. 2), or a combined equdtmyistic + exponential) (Eq. 3):

LCR =k, t (Eq. 1)
LCR; = LCRss (1-€*¢" (Eq. 2)
LCR; = LCR{1-e%¢") / (1+e*et) (Eq. 3)

where LCR and LCRs (g) are the load/concentration ratios at time )t #dd at steady-state,
respectively, k and k are the biological depuration and uptake rate teots (¢* and g d,
respectively), respectively (Whicker and Schul@82) and is a constant.

Radiotracer depuration kinetics were expressedring of change in percentage of remaining
activity (i.e., radioactivity at time t divided kifae initial radioactivity measured in the egg otthe
compartment at the beginning of the depurationogeti100) along with time.

The depuration kinetics were best fitted by eithesingle- (Eq. 4) or a double- (Eqg. 5)
exponential equation:

A= Age*e! (Eq. 4)
A¢ = Agse¥est + Ag el (Eq. 5)
where A and A are the remaining activities (%) at time t (d) &ndespectively, kis the biological

depuration rate constant™d and «s» and «|» subscripts refer to the tshamd long-lived



component of the depuration kinetics (Warnau et1&896a, 1999). The determination qfdtlows
the calculation of the radiotracer biological h#k-(d) according to the relation:
Thy=1n2 / k.

Constants (and their statistics) of the best fttuptake and depuration kinetic equations
(decision based on ANOVA tables for two fitted mbbddjects) were estimated by iterative
adjustment of the models using this curve-fitting routine in R freeware. The level gnificance

for statistical analyses was always seai at0.05.

3. Results

3.1. Uptake kinetics in the whole eggs

Figure 2 shows the uptake kinetics?6fAm, °’Co, >*Mn and®Zn in the whole eggs. These
elements were taken up following two contrastinguagulation patterns. The kinetics8tAm, *>'Co
and®Zn were best fitted by a linear model all along dieselopment time with an uptake rate of 28.8
+ 0.5, 22.2 + 0.3 and 21.9 + 0.3 g'.drespectively. Eggs revealed elevated bioaccuioulat
efficiencies for these three latter elements, Wi@IR reaching, at the end of the development, 1423 +
100, 1087 + 65 and 1035 + 54 g f8tAm, °’Co and®*Zn, respectively.

The uptake kinetics ofMn followed a saturation exponential model, reaghansteady-state
equilibrium (LCRs= 131 + 3 g) one month after the spawning.

Finally, **/Cs LCR values described as a function of the deweémt time did not follow an
usual uptake kinetic model (Figure 3.A.). Althoutife uptake pattern of“Cs appeared quite
complicated, with a sudden drop in LCR after dayiticed by the lack of the radiotracer in the
water, it actually followed rather tightly the pett of the egg weight variation shown in Figure 1.

This is further corroborated by the highly sigrafint correlation (Pearson test; p < 0.001) observed



between™*‘Cs LCR in the whole egg and the egg wet weight tfee whole duration of the
development (Fig. 3B). The maximum LCR value redothgring the exposure period (4.4 + 0.3 g at

day 43) showed limited uptake capacity of this elahtompared to the other ones.

3.2. Uptake kinetics and distribution of the radiotracers in the egg compartments

Uptake kinetics of**Am, *’Co, >**Mn and®zn in the eggshell and in the embryo are shown in
Figure 4. It is worth noting that the eggshell igadoncentrated the four elements according to the
same pattern as those described above for the veygle In addition, thé*Am, *’Co, and®Zzn
uptake kinetics were characterized by similar L@Rched in eggshell and whole egg at the end of
the development (1277 + 118 1423 + 100 g, 1181 + 9. 1087 £ 65 g and 1012 + 58. 1035 +
54 g, respectively). No significant uptake?86fAm was found in the embryo whered€o and®zn
were concentrated efficiently in this compartmeataading to a combined (saturation + logistic)
model reaching estimated LGRalues of 39 + 7 and 284 £ 72 g, respectivelyed hours before
hatching, the LCR values in the embryo were sfillafd 4 fold lower than in the eggshell 6€0
and®°Zn, respectively.

The uptake kinetics of“Mn in the eggshell followed a saturation exponéntiedel as
previously determined for the whole egg, and stestdie equilibrium was reached at day 20. The
estimated LCR: in the eggshell was similar to that found in theole egg (124 + 4s. 131 + 3 Q).
After one month of developmentMn activity started to be detected in the embryd atreased
according to a combined (saturation + logistic) elpceaching an LCRof 8.5 + 0.7 g.

The distribution of the radiotracers in the dififregg compartments revealed that the highest
proportion of **Am, >'Co, **Mn and ®*Zn remained associated with the eggshell all altmgy
development duration (Table 1). Nevertheless, gt5fs i.e. a few hours before hatching, ca. 3, 7

and 18% of°’Co, **Mn and ®*Zn, respectively, were found in the embryo, showihgt (1) an



effective penetration of these metals occurredsactbe eggshell and (2) that these elements were
subsequently incorporated in the embryo. The ptapoof these elements in the peri-vitelline fluid
remained low £ 1%) all along the development. RegardiitCs, it was slightly detected in the
vitellus at day 11 and 33 (3.8 + 1.4 and 2.3 + Q.88%pectively). At day 33, the proportion’8fCs

in the peri-vitelline fluid was close to that iretkggshell (27.2 + 7:s. 19.9 £+ 2.1%), and at day 50,
39.7 + 2.3% of thé*'Cs was associated with the embryo and 12.3 + 3.8bwthe peri-vitelline fluid

(Table 1).

3.3. Depuration kinetics of the radiotracers from the whole eggs

After 7, 18, 27 and 40 d of exposure period, nomt@minating conditions were restored and
depuration kinetics of the five elements were fokad until the end of the egg development. Except
for eggs placed in depuration conditions followiag@ d of ***Am exposure,?*Am and >'Co
depuration kinetics in the whole egg were bestditising a single exponential model (Table 2). The
2Am estimated biological half-life (Ef) decreased with increasing duration of egg preeswpe
(Thy,was 57, 39, 32 and 18 d after 7, 18, 27 and 40ekpbdsure, respectively). In contrast, the,Tb
of >’Co remained similar following a 27- and 40-d expesimplying that the strength of the binding
sites were not affected during the last 23 d ofettyg development.

After 18, 27 and 40 d of exposureXn, the depuration kinetics were best describec by
double exponential equation indicating that, afteo weeks of development/Mn was released
according to two differently bound pools: a tightigund component (87, 83 and 70%°&o lost
with a Th, of 24, 21 and 29 d, respectively) and a weaklydobane (13, 18 and 30% ofCo lost

with a Tb, of ca. 1 d).
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Whether after 7, 17, 27 or 40 d of exposure, a tooakponential equation always best fitted
the depuration kinetics ¢Fzn, with the greatest fraction lost according ttmmg-lived component
(88, 87, 83 and 70% lost with Ebf 123, 56, 46 and 79 d, respectively).

Regarding>“Cs, after 7 d of exposure, the tracer was releissithilar proportion according
to a short- and a long-lived component (44 + 8% Vaith Th,, of 0.3 dvs. 56 + 4% lost with Th of
44 d). Surprisingly, after 18 d of exposure, itpukation kinetics was best described by a single
exponential equation then, after 27 and 40 d ofosupe, the second depuration component was
detected again. This second exponential componemtecned 32 and 33% of the whole-body
activity of ***Cs and displayed a stronger retention after onettmoindevelopment (Th= 98 d after

a 27-d exposure) than 10 d prior to hatchingF123 d after a 40-d exposure).

4. Discussion

The cuttlefish egg shows dramatic structural modtions throughout a relative short
development time (i.e. 50 d at 17°C). First, asnshm Figure 1, the egg weight varies greatly, with
a factor of 4 between day 11 (when weight is mimmpwand the end of the development (when
weight is maximum). The organogenesis of the embgaurs from the spawning time to day 25-28
(Wolf et al., 1985). From this moment onwards, &mbryo starts an exponential growth period,
which goes along with an increase of the peri-Mitelfluid volume due to water intake. At the same
time, the vitellus is absorbed to supply the nesfdhe embryo growth. Thus, in order to take into
account the weight variations due to vitellus renung embryo growth and incorporation of water
during the development, the metal bioaccumulati@s wxpressed in this study in terms of metal
content in the whole egg and its different comparita (eggshell, embryo, vitellus, and peri-vitalin

fluid). Such data treatment using organism loadéwabncentration ratio (LCR) has already proven
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to overcome efficiently the tendency of importargight variation (mainly due to water entry) to
hide metal accumulation in cuttlefish eggs (Lactabarthe et al., 2008a).

During the embryo developmerif’Am, Co, Cs, Mn and Zn were efficiently taken upnfro
seawater by the eggs. LCR determined at the entheofdevelopment varied according to the
elements wittf*’Am > Co= Zn > Mn >> Cs. This is very different from previuesults obtained
with the same radiotracers in exposures during l#s¢ two weeks of the egg development:
concentration factors at steady-state saturatioredsed following the order Zn > CEF%Am >> Cs
(Bustamante et al. 2002, 2004, 2006b).

In our study, the five radiotracers showed thréfeidint uptake behaviours towards the whole
eggs: (i)**Am, Co and Zn were accumulated following a lineasdel in the egg all along the
development time; (ii)) Mn uptake reached a steddiequilibrium after one month, and (iii) the Cs
load was correlated with the egg weight variatiftse constant rising accumulation BfAm, Co
and Zn in the whole eggs suggests that their bgndites in/on the eggs were not saturated at ttie en
of the development. In similar conditions, dissdlv&g was also efficiently accumulated in the egg,
but with a sudden increase after one month of d@weént when the eggs began to swell (Lacoue-
Labarthe et al. 2008a). In contrast to Ag, it sed¢nas**’Am, Co and Zn uptake capacities of the
cuttlefish egg were not affected by the changelherdevelopmental physiology occurring during the
embryo life. In this context, the temperature onolhdepends the development delay could be a
determining factor fof**Am, Co and Zn accumulation in the whole egg (Laebabarthe et al.
submitted).

When considering the different egg compartments giteatest amount 6f*Am, Co and Zn
taken up remained associated with the eggshelblalhg the development time. Moreover, the
similarity of the uptake kinetics between whole eggl eggshell (i.e., best fitting model and LCR
values reached; see Figs 2 and 4) strongly sugtfesttshe mechanisms involved in the uptake of

241Am, Co and Zn in the whole egg are those that goweetal bioaccumulation in the eggshell. In
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dogfish, eggs were also found to efficiently acclatef*’Am, Co and Zn, which was hypothesized
to be due to binding to the collagen and glycosaglycans of the eggshell (Jeffree et al., 2006). In
cephalopods, the nidamental secretions contain prgportion of glycine, threonine, proline and
isoleucine (Kimura et al., 2004). It is thus likehat**’Am, Co and Zn could bind to and be retained
on these carboxyl-rich groups of the eggshell mabmaccharides (Miramand et al., 1989; Passow,
2002; Rodriguez y Baena et al., 2006a, 2008b).szndll-known for its affinity for the sulfhydryl
groups (e.g., Wedemeyer, 1968; Temara et al., 188d) might bind to those that occur in the
mucine-rich egg surface layers (Boletzky, 1998; Hien et al., 2004). Interestingly, Zn was
exclusively detected in the cuttlefish eggshekait and 17 d of exposure and a substantial fractio
of the metal (i.e. 59 to 76%) was strongly retajneith Th,, of 123 and 56 d, respectively, and could
thus be bound to cation-retaining sulfhydryl graupiserefore, the eggshell would act as a protective
barrier limiting/hindering the incorporation of weaborne metals into the embryo, as previously
suggested for other metals and radionuclides (Marainet al., 2006; Villanueva and Bustamante,
2006; Lacoue-Labarthe et al., 2008a).

The distribution of**Am, Co and Zn among the different egg compartment&ated that
their accumulation in the embryo varied widely adaog to the radiotracer. Indeetf’Am did not
pass through the eggshell all along the developrtierd, whereas Co and Zn were increasingly
detected in the embryo during the last 20 d. Tinfécates that the protective role of the eggshay m
be limited to some extent for Co and Zn.

The biological half-life of?*Am associated with the eggshell decreased witheasing
duration of the egg pre-exposure to the radionaclalowing the assumption thdtAm retention
capacity decreased as the eggshell undergoesustiuand chemical modifications throughout the
development, such as the polymerization of its comepts and the decrease in its thickness

(Boletzky, 1998).
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The Zn uptake kinetics in the eggshell and embhyowed that this element began to be
incorporated in the embryo after one month of dgwelent and that embryo was containing 20% of
the total egg burden of Zn a few hours before hatchThis accumulation of Zn in the embryo
during the last 20 d of the development period alas previously suggested for Cu (Paulij et al.,
1990) and is most probably related to the fact thth metals are essential elements which are
needed for the synthesis of numerous cell constisuguch as proteins and enzymes (e.g., Vallee and
Auld, 1990). The important metabolic needs in Zmiry the early stages of cuttlefish are well
supported by other studies (e.g., Miramand et2806, Villanueva and Bustamante 2006). Indeed,
Zn is maternally transferred quite efficiently frotine female cuttlefish to its offspring (Lacoue-
Labarthe et al., 2008b), where it is incorporatedthe vitellus during oogenesis (Falchuk and
Montorzi, 2001). After hatching, young cuttlefisbntinue to bioaccumulate Zn very efficiently both
from seawater and food (Bustamante et al., 2002amtand et al., 2006). This suggests that the Zn
available before hatching (which is limited by {ermeability of the eggshell) is just sufficient fo
the embryo development needs. It is therefore agirsing that the Zn accumulated in the embryo
was strongly retained during the last days of dgwelent (T, of ca. 80 d after 40 d of exposure).

Co, which is also an essential element known tstbeed in branchial hearts and digestive
gland of octopus and cuttlefish following seawagposure (Nakahara et al., 1979; Bustamante et
al., 2004) also passed through the eggshell. Honw&@ penetration was limited compared to Zn:
only 3% of the total Co amount taken up reacheddaimbryo a few hours before hatching. In
depuration conditions, the biological half-life @b decreased after a 27-d and a 40-d exposure
period, suggesting that the Co binding strengtthtoeggshell decreased once the embryo growth
period started. After 40 d of exposure, Co was &esbrding to a 2-component exponential equation,
which suggests the involvement of high and lowngtffibinding sites (., = 50vs. 1.7 d), coinciding

with its occurrence in both the eggshell and théergm
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Overall,?*Am, Co and Zn bioaccumulation indicated that thetgxtive role of the eggshell
was element- and time-dependent, with the late Idpaeental stages being more permeable to the
elements, in particular to Zn and, to a lesserrgxt€o. The selective penetration of these elements
seems not being determined by their essential oressential nature. Indeed, previous studies
showed that Cd behaved in a very similar way a®mes here for Co (Lacoue-Labarthe et al.,
2008a). Nevertheless, the intensity of the phygickl needs of the embryo could explain that Zn
was accumulated much more efficiently than Co. Hyaly, the size of the atom could be partly
involved in the element-specific accumulation pattéhrough the eggshell. Indeed’Am has a
longer atomic radius (175 pm) than Co and Zn (113%.p

Regarding Mn, uptake kinetics in the whole egg amdeggshell reached a steady-state
equilibrium. The kinetics in the whole-egg was digariven by the kinetics in the eggshell and,
during the last 10-20 d of the development, byabeumulation of Mn in the embryo (see Figs 2 and
4). At day 50, 7% of the total Mn was detectedha embryo. As Mn is an essential co-factor for
enzymes such as Mn-SOD or respiratory enzymes éRarg, 1999; Hernroth et al., 2004) its
accumulation in the cuttlefish embryo could be &dkvith its predominantly aerobic respiration used
to meet its energy requirements, especially aftefitst month of development (Wolf et al., 1985).

The eggshell binding capacity for Mn was ratheriti@h as compared to Co, although it was
expected that both elements would display a similsiake pattern as they belong to the same
chemical group (Adam et al., 2001). Mn depuratiate was quite similar regardless the duration of
the exposure of the eggs to the dissolved elenTént (12 to 89 + 3% of the Mn load of the egg was
lost with a Th, ranging between 19 = 2 and 29 + 19 d). This sugg®t Mn retention in the
eggshell would not be affected by the eggshell pelyzation and delaminating of its outer layers.
This is supported by the fact that, during our expents, we detected Mn in the eggshell inner
layers (data not shown) that are originally secré&ethe oviducal gland (Boletzky, 1986) and which

location actually preserves from the influencesdbed above.
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Finally, Cs uptake kinetics in the whole eggs waosely similar to the pattern of egg weight
variation along the development time. It is welcdmented that cuttlefish egg weight varies mainly
due to seawater inputs/outputs. Once spawning t@smed and eggs are in contact with seawater,
the gelatinous eggshell begins to harden, with rc@mitant loss of water, as the result of the
polymerization of the eggshell mucopolysaccharidampounds (Boletzky, 1998). The whole
polymerization process takes about 10 d, at whiok the egg reached its minimal weight. When we
placed the eggs in depuration conditions afterdaekposure, Cs was depurated according to a bi-
exponential kinetics, which supported the hypothésat, in the incompletely polymerized eggshell,
part of the Cs would be trapped among the mucoanbss and released slowly{,= 44 d) whereas
part of it is slightly adsorbed and rapidly releag@,.,, = 0.3 d). Then, from 10 d, the eggshell
polymerization is completed as indicated by theimal LCR value of Cs observed at this time.
From the 288 day of the embryo development, water intake inpbe-vitelline space induces an egg
swelling (Gomi et al., 1986); this was similarlyteleted through a corresponding increase of the Cs
accumulation. The mono-exponential depuration kisetdetermined after a 18-d exposure
corroborates the assumption that Cs was only beairide hardened eggshell between the days 10
and 20, whereas the bi-exponential model determarfitedl 27 and 40 d of exposure suggests that Cs
was then taken up by the internal egg compartm@iiis. was actually confirmed by the dissections
that demonstrated that almost 20 and 27% of the @¢ load were distributed in the embryo and
peri-vitelline fluid, respectively, after 33 d oédelopment. Indeed, Cs is an analogue of potassium
(Ke et al.,, 2000; Bustamante et al., 2006a), whdohld lead to its active accumulation in the
growing embryo.

In summary, the eggshell acts as an efficient dhight protects the embryo against direct
metal exposure at least during the first monthotlevelopment. This can be an important advantage
for organisms living and reproducing in coastalewstthat are often heavily contaminated by trace

elements. Nevertheless, the eggshell shieldingotizgmappears to be profitably limited for essainti
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elements such as Co, Mn and Zn and for Cs duedmasing permeability from the B@lay of
development onwards.

Overall, the chemical properties of the contamisaid not seem sufficient to explain the
differences in uptake patterns observed in thigystlt is noteworthy that Cs accumulated in the
embryo whereas it is the biggest atom (atomic Kad260 pm). Therefore further studies should be
carried out to assess the influence of physioléogioa/or biological processes in these contrasting
accumulation behaviours during the embryo developmEor example, the eggshell oviducal
mucosubstances have a role in the formation of gle-vitelline space in fertilized eggs of
Todarodes pacificus (lkeda et al., 1993). Indeed, Gomi et al. (198@)dthesized that egg swelling
would be due to transfer of organic matter fromebggshell to the peri-vitelline fluida the chorion,
which would result in an osmotic-driven water irdaKhis shows that a close relationship does exist
between the embryo and the eggshell. Moreoves, iitoteworthy that bacteria are transferred from
the accessory nidamental gland to the eggshell evtiegy might have a protective antimicrobial
function (Barbieri et al., 1997). These symbiotrganisms could be also involved in trace element

diffusion/retention mechanisms.
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Captionsto Figures

Fig. 1.Sepia officinalis. Variation of the cuttlefish egg weight (g; meaSE, n = 8) along the

duration of the development.

Fig. 2. Sepia officinalis. Uptake kinetics of*Am, *’Co, **Mn and ®*Zn in cuttlefish whole eggs
exposed for the entire development time to theoteatters dissolved in seawater (load-concentration

ratio, LCR (g); mear SE, n = 8).

Fig. 3.Sepia officinalis. (A) Uptake kinetics of**Cs in cuttlefish whole eggs exposed for the entire
development time to the radiotracer dissolved awsger (load-concentration ratio, LCR (Qg); mean
SE, n = 8) and (B) relationships between the LCRofd>"Cs in the whole egg and the egg wet wt

(g) from day 1 to 43 of the embryo development (B@acorrelation test).
Fig. 4.Sepia officinalis. Uptake kinetics of**Am, *’Co, **Mn and®Zzn in cuttlefish eggshello) and

embryo @) exposed for the whole development time to théoteaiters dissolved in seawater (load-

concentration ratio, LCR, g ; mearSE, n = 4).
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Table 1.Sepia officinalis. Distribution of the radiotracers (%; meaisD; n = 4) among cuttlefish egg compartments dfte33 and 50 d of
exposure via seawater. The lack of peri-vitellilgdfand embryo at 11 d and of vitellus at 50 dmiid allow determining distributions in these
compartments at these sampling times.

Eggshell Vitellus Embryo Peri-vitellin fluid
11d 33d 50 d 11d 33d 33d 50 d 33d 50 d
2lAm 99.3+0.5 99.5+0.1 99.2+0.2 <1 <1 <1 <1 <1 <1
>Co 99.7 0.0 99.7+0.0 97.0+0.3 <1 <1 <1 27+03 <1 <1
¥ics  96.2+14 50.7+9.2 480+4.0 38+1.4 2.3+0.8 19.9+2.1 30.7+2.3 2721 12.3+3.6
*Mn 97.7+1.2 98.0+0.3 922+0.2 23%1.2 <1 1.0+0.1 6.9+0.2 1.0+0.2 040.1
%Zn 99.9+0.0 99.8+0.1 81.2+1.1 <1 <1 <1 18.4+1.0 <1 <1
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Table 2. Parameters of the equations describingl¢peration kinetics o**Am, *’Co, **Cs,>**Mn
and®Zn in the whole cuttlefish eggs previously exposethe radiotracers for (a) 7 d, (b) 18 d, (c)
27 d, and (d) 40 d; n=8 for each condition.

Metal Model A+ SE Kes Towst Aot SE Kel Tovt R
(a) Depuration in whole eggs after 7 d of exposure
2Am o) 08.2+ 0.012 57+6 - - - 0.881
>Co O 91.8+ 0.023 31+ 2 - - - 0.950
1¥cs T 43.9+ 2.495™ 0.3+0.1 56.3% 0.016  44+11  0.882
*Mn o) 88.5+ 0.036 19+ 2 - - - 0.949
®Zn T 37.3+ 0.138™ 5.0+2.3 59.0+ 0.006™ 123+11  0.960
(b) Depuration in whole eggs after 18 d of exposure
2Am o) 95.9+ 0.018 39+ 2 - - - 0.818
*'Co o) 94.8+ 0.021 33+ 2 - - 0.797
13cs o) 82.1+ 0.024 20+ 8 - - - 0.192
*Mn T 13.1+ 0.887* 0.8+0.4 87.2% 0.029 24+ 1 0.936
%Zn T 21.2+ 0.806 0.9+0.2 79.0+ 0.014 50+ 5 0.871
(c) Depuration in whole eggs after 27 d of exposure
2Am T 8.3+29 0.610™ 1.1+0.8 91.8% 0.022 32+ 3 0.926
>Co O 08.3+ 0.030 24+ 1 - - - 0.855
13cs T 55.9+ 0.266™ 2.6+21 31.6% 0.007™ 98+603 0.428
*Mn T 17.6+ 0.751 09+0.3 82.7+ 0.033 21+1 0.857
®Zn T 26.3+ 0.180 0.8+0.2 73.6+ 0.015 46+ 5 0.921
(d) Depuration in whole eggs after 40 d of exposure
2Am o) 08.3+ 0.040 18+ 2 - - - 0.714
>Co O 96.8+ 0.030 24+ 1 - - - 0.870
¥Cs T 67.2+ 1.373 05+0.2 32.8% 0.030™ 23+37  0.831
*Mn T 30.1+ 0.504™ 1.4+0.8 70.2+ 0.024™ 29+19  0.891
%Zn T 33.3+ 0691 1.0+04 66.8t 0.009™ 79+100 0.851

O and T: 1- and 2-component exponential modelpecs/ely; As and Ay assimilation efficiency
of the short- and long-lived component, respecyivébE: standard error; R2: determination
coefficient; p-values: < 0.001 (***), < 0.01 (**¥% 0.05 (*), > 0.5 (ns).
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