
T
a

C
T
P
a

b

F
c

d

e

a

A
R
R
A
A

K
M
J
Z
M
O
S

h
s

c

h
0

Aquatic Toxicology 159 (2015) 23–35

Contents lists available at ScienceDirect

Aquatic  Toxicology

j ourna l ho me pa ge: www.elsev ier .com/ locate /aquatox

race  metal  concentrations  in  post-hatching  cuttlefish  Sepia  officinalis
nd  consequences  of  dissolved  zinc  exposure

harles  Le  Pabica,b,c,∗,  Christelle  Caplata,b,c, Jean-Paul  Lehodeya,b,c,
homas  Milinkovitchd, Noussithé  Kouetaa,b,c, Richard  Philippe  Cossone,
aco Bustamanted

Normandie Université, F-14032 Caen, France
UMR  BOREA, MNHN, UPMC, UCBN, CNRS-7208, IRD-207, IBFA Université de Caen Basse-Normandie, Esplanade de la Paix, CS 14032, 14032 Caen cedex,
rance
Centre de Recherches en Environnement Côtier, Université de Caen Basse-Normandie, 54 rue du Docteur Charcot, 14530 Luc-sur-Mer, France
Littoral Environnement et Sociétés (LIENSs), UMR 7266 CNRS-Université La Rochelle, 2 rue Olympe de Gouges, 17000 La Rochelle, France
Mer  Molécules Santé (MMS), Université de Nantes, EA 2663, 2 rue de la Houssinière, 44322 Nantes, France

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 11 September 2014
eceived in revised form 31 October 2014
ccepted 13 November 2014
vailable online 28 November 2014

eywords:
ollusk cephalopod

uvenile stage
inc
etal subcellular distribution
xidative stress
epia officinalis

a  b  s  t  r  a  c  t

In  this  study,  we investigated  the  changes  of 13  trace  metal  and  metalloid  concentrations  (i.e.  Ag,  As,
Cd,  Co,  Cr, Cu,  Fe,  Mn,  Ni, Pb, Se,  V, Zn) and  their  subcellular  fractionation  in  juvenile  cuttlefish  Sepia
officinalis  reared  in  controlled  conditions  between  hatching  and  2  months  post-hatching.  In parallel,
metallothionein  concentrations  were  determined.  Our  results  highlighted  contrasting  changes  of  studied
metals.  Indeed,  As  and  Fe  concentrations  measured  in  hatchlings  suggested  a maternal  transfer  of  these
elements  in  cuttlefish.  The  non-essential  elements  Ag  and  Cd  presented  the  highest  accumulation  during
our study,  correlated  with  the  digestive  gland  maturation.  During  the  6 first  weeks  of  study,  soluble
fractions  of most  of essential  trace  metals  (i.e.  Co,  Cr,  Cu,  Fe,  Se,  Zn)  slowly  increased  consistently  with
the  progressive  needs  of  cuttlefish  metabolism  during  this  period.

In order  to  determine  for the  first  time  in a cephalopod  how  metal  concentrations  and  their  sub-
cellular  distributions  are  impacted  when  the  animals  are  trace  metal-exposed,  we studied  previously
described  parameters  in  juveniles  exposed  to dissolved  Zn  at environmental  (i.e.  50  �g l−1)  and  sublethal
(i.e.  200  �g l−1) levels.  Moreover,  oxidative  stress  (i.e.  glutathione  S-transferase  (GST),  superoxide  dismu-
tase  (SOD)  and  catalase  activities,  and lipid peroxidation  (LPO))  was  assessed  in  digestive  gland  and  gills
after 1 and  2 months  exposures.  Our  results  highlighted  no  or  low  ability  of  this  stage  of  life  to regulate
dissolved  Zn  accumulation  during  the  studied  period,  consistently  with  high  sensitivity  of this  organ-
ism.  Notably,  Zn  exposures  caused  a concentration-dependent  Mn  depletion  in  juvenile  cuttlefish,  and
an increase  of  soluble  fraction  of Ag,  Cd, Cu  without  accumulation  modifications,  suggesting  substitution
of  these  elements  (i.e.  Mn,  Ag, Cd,  Cu)  by Zn. In parallel,  metallothionein  concentrations  decreased  in
individuals  most  exposed  to  Zn. Finally,  no  perturbations  in  oxidative  stress  management  were  detected

in  gills,  whereas  modifications  of  GST,  SOD and  catalase  activity  levels  were  recorded  in digestive  gland,
resulting  in  an  increase  of LPO  content  after  a 6-week  exposure  to low  Zn  concentration.  Altogether,  these
perturbations  are  consistent  with  previously  described  high  sensitivity  of juvenile  cuttlefish  towards  Zn.
Our  results  underlined  the  need  to study  deeply  contamination  impact  on  this  animal  at  this  stage  of  life.

©  2014  Elsevier  B.V.  All  rights  reserved.
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. Introduction

Mollusk cephalopods are known for their importance in trophic
arine ecosystems both as predator and prey (Chouvelon et al.,

011; Clarke, 1996). The economic importance of their fisheries
as recently grown worldwide to compensate for finfish stock
epletion (Jereb et al., 2005), whereas abundant literature under-

ines their sensitivity to a wide range of environmental parameters
reviewed in Pierce et al., 2008). Despite growing anthropogenic
ressures on marine ecosystems, few studies have investigated the
otential physiological impacts of contaminants on these organ-

sms (Di Poi et al., 2013, 2014; Lacoue-Labarthe et al., 2009c, 2010a;
en and Sunlu, 2007). Yet, early life stages (i.e. eggs and juveniles) of
conomically important cephalopods are likely to be impacted by
nthropogenic contaminants because they develop in coastal areas
here these compounds are found at relatively high concentrations

Colas, 2011; Pierce et al., 2010). This is the case of the common
uttlefish Sepia officinalis, which is characterized by inshore migra-
ion during spring and summer months to reproduce and spawn,
nd juvenile residence in coastal areas from 1 to 2 months post-
atching to take advantage of prey abundance (Bloor et al., 2013;
oucaud-Camou and Boismery, 1991; Le Goff and Daguzan, 1991).

n spite of the shielding properties of the eggshell against met-
ls (Bustamante et al., 2002b, 2004, 2006c; Lacoue-Labarthe et al.,
008b, 2009b, 2010b, 2011), cuttlefish embryos are impacted by

ow metal concentration exposure (Lacoue-Labarthe et al., 2009a,
010a). In addition, accumulation in soft tissues of waterborne Ag,
d, and Zn followed by relatively long-term retention was reported

n juveniles (Bustamante et al., 2002b, 2004). Surprisingly little is
nown about the effects of such trace metal exposure on juvenile
uttlefish physiology (Lacoue-Labarthe et al., 2009a, 2010a).

Despite a short life cycle of 1–2 years, Sepia officinalis (as
ther cephalopods) is known to accumulate various contaminants
e.g. Ansari et al., 2012; Bustamante et al., 1998, 2006a,b; Danis
t al., 2005; Miramand and Bentley, 1992). Bioaccumulation of
race metals such as Ag, Cd, Cu, Fe and Zn has been reported in
he digestive gland, sometimes at very high concentrations (e.g.
ustamante et al., 2006a; Decleir et al., 1978; Martin and Flegal,
975; Miramand and Bentley, 1992; Schipp and Hevert, 1978).
otably, trace metal accumulation starts after hatching and takes
lace through the entire life cycle, yet tissue-specific accumulation
epends on digestive gland maturation (Miramand et al., 2006).
hile several studies have highlighted the essential role of the

igestive gland in the detoxification of trace metal elements in
epia officinalis and other cephalopods (Bustamante et al., 2002b,
004, 2008; Lacoue-Labarthe et al., 2009c; Martin and Flegal, 1975;
iramand and Bentley, 1992; Raimundo et al., 2010, 2014), no

tudy has investigated subcellular fractionation of metals at juve-
ile stages during maturation of this organ (i.e. the first month
ost-hatching).

Detoxification mechanisms of marine invertebrates mainly
nvolve the precipitation of metals into insoluble concretions
nd the binding to cytosolic proteins, both being interconnected
Wallace et al., 2003; Wang and Rainbow, 2010). Metallothioneins
MTs) are one class of these metal-binding proteins, characterized
y low molecular weight, high cysteine content and heat stabil-

ty. They play a role in the homeostasis of the essential metals, Cu
nd Zn, but can be induced by various other metals (e.g. Ag, Cd,
g) that they bind (Amiard et al., 2006; Cosson, 1991; Wang and
ainbow, 2010). In cephalopods, subcellular distribution of metals

n the digestive gland appears to be species- and element-specific,
ut most studies have reported mainly association of Ag, Fe, Mn,  Pb

nd Zn with the insoluble fraction, while Cd, Co and Cu are mainly
ssociated with the cytosolic fraction (Bustamante et al., 2002a,
006a; Finger and Smith, 1987; Tanaka et al., 1983). Cu is also the
ain element found associated with MTs  in the digestive gland of
ology 159 (2015) 23–35

several cephalopod species (Bustamante et al., 2006a; Finger and
Smith, 1987; Tanaka et al., 1983), whereas results about Ag- and
Cd-MT association remain controversial (Bustamante et al., 2002a,
2006a; Finger and Smith, 1987; Tanaka et al., 1983). To date, the MT
involvement in the homeostasis of the cephalopod juvenile stage
has been investigated once in the squid Loligo forbesii without high-
lighting its significant role in Cu and Zn management (Craig and
Overnell, 2003).

Although Zn is an essential nutrient of living organisms – it
is a component of more than 300 enzymes and other proteins
(McCall et al., 2000), some studies have highlighted its toxicity
in marine organisms at concentrations of 100 �g l−1 and above
(e.g. Amado Filho et al., 1997; Brereton et al., 1973; Nadella et al.,
2013; Tellis et al., 2014; Watling, 1982). In European marine waters,
dissolved Zn is relatively concentrated, regularly measured near
10 �g l−1 (Lachambre and Fisson, 2007a; Sheahan et al., 2007), and
worldwide, some studies reported concentrations reaching several
hundred �g Zn l−1 in anthropically impacted bays, gulfs and estuar-
ies (Amado Filho et al., 1997; Liu and Wang, 2013; Srinivasa Reddy
et al., 2005). Zn is also one of the most concentrated metals in the
digestive gland of cuttlefish (Bustamante et al., 2006a; Miramand
and Bentley, 1992; Miramand et al., 2006; Rjeibi et al., 2014). Its
effects on the uptake of other metals, their subcellular distribution,
and MT  concentrations have been highligthed in bivalve mollusks
(Blackmore and Wang, 2002; Hennig, 1986; Lemoine et al., 2000;
Liu and Wang, 2013; Shi and Wang, 2004). For instance, Zn expo-
sure induced an increase in Zn uptake as well as that of Cd and Cu
in the bivalve Crassostrea hongkongensis (Liu and Wang, 2013). To
the best of our knowledge, such responses have not been assayed
in cephalopods. Finally, trace metals are known for their ability to
induce reactive oxygen species (ROS) production, causing oxidative
stress as previously described in bivalves (e.g. Company et al., 2004;
Funes et al., 2006; Geret and Cosson, 2002; Geret et al., 2002), gas-
tropods (Chandran et al., 2005; Malanga et al., 2004; Radwan et al.,
2010) and the cephalopod Octopus vulgaris (Semedo et al., 2012).
To avoid or counteract ROS effects, organisms use a set of enzymes
including glutathione S-transferases (EC 2.5.1.18, GST), superoxide
dismutase (EC 1.15.1.1, SOD) and catalase (EC 1.11.1.6). Their activ-
ities have been extensively used as biomarkers of oxidative stress,
and correlated to the presence of metals in invertebrates (e.g. Regoli
and Principato, 1995; Semedo et al., 2012; Vlahogianni et al., 2007).
The imbalance between production and removal of ROS may result
in lipid peroxidation (LPO), a biomarker often used to evaluate the
degree of oxidative stress (e.g. Di Salvatore et al., 2013; Radwan
et al., 2010; Vlahogianni et al., 2007; Zielinski and Pörtner, 2000).

In order to better describe and understand metal regulation
in juvenile cuttlefish and point out the effect of physiological
modifications on the bioaccumulation and detoxification processes
associated with digestive gland maturation, we  quantified the
presence, changes of the concentrations and the subcellular dis-
tributions of 13 elements (Ag, As, Cd, Co, Cr, Cu, Fe, Mn,  Ni, Pb,
Se, V, and Zn) in juvenile cuttlefish during the period correspond-
ing to their coastal life stage (i.e. first 2 months post-hatching).
The concentration of MTs  was  also assayed and correlated with
metal concentration modifications. Concurrently, these parameters
were measured under Zn-exposure, in addition to oxidative stress
parameters (GST, SOD, catalase, and LPO) in the digestive gland and
in the gills which are the tissue directly in contact with food and
waterborne trace elements, respectively.

2. Materials and methods
2.1. Animals

Cuttlefish eggs were collected from traps set along the Calvados
coast (Basse-Normandie, France) during summer 2012. All rearing
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rocedures were done at the Centre de Recherches en Environ-
ement Côtier (Luc-sur-Mer, France). At the laboratory, the eggs
ere separated for optimal oxygenation, acclimatized at 17 ± 1 ◦C,

nd maintained in open-circuit tanks until hatching. Between 1
nd 2 days after hatching, juveniles were randomly acclimatized
n experimental structures and fed 24 h later according to hatch-
ing vitellus consumption period (Yim and Boucaud-Camou, 1980).
uring all experiments, cuttlefish were fed once a day with alive
rown shrimp Crangon crangon fished every 2 days in front of the
arine station. In order to obtain homogeneous intra- and inter-

atch growth, the number of prey was adapted to the cuttlefish size
nd special attention was payed daily to feed all animals (in con-
rol as well as Zn-exposed conditions) with shrimps of the same
ize range.

.2. Experimental design

.2.1. Experimental system and seawater quality follow-up
To allow individual follow-up, constant exposure, as well as

ong-term water quality (particularly considering nitrogen com-
ounds), we  set up experimental units described below. In a 40-l
ank (corresponding to one experimental unit), seawater mix-
ng and oxygenation were provided by 2 water pumps (NJ400,
quarium systems, France) and 2 air stones. A constant water
enewal was provided in each experimental unit by peristaltic
ump (521F/D2, Watson-Marlow Pumps Group, France), supplied
ith frequency converter and pumpheads (312X2, Watson-Marlow

umps Group, France), at a rate of 30 ml  min−1 from 60-l reservoirs.
ater used during all experiments was decanted charcoal-filtered

atural seawater to minimize particles and other dissolved metals
ttendance. Depending on renewal rate, reservoirs were refilled
ach day with seawater (either Zn-contaminated or control). In
rder to avoid animal interactions and to allow individual follow-
p, a compartmentalized sieve was used. Each compartment had
n area of 104 cm2, which is enough space for optimal development
f single juvenile according to Forsythe et al. (1994). During all
xperiments, seawater parameter monitoring was checked daily.
arameter variations for all experimental structures were: temper-
ture: 17.5 ± 0.5 ◦C; salinity: 32.5 ± 1 psu; ammonia-, nitrite-, and
itrate-nitrogen below 0.5 mg  l−1, 0.5 mg  l−1, and 80 mg  l−1, respec-
ively (according to Oestmann et al. (1997)); pH: 8.0 ± 0.1; and
issolved oxygen: >9 mg  l−1. Experiments were done under natu-
al photoperiod. To keep high water quality, faeces were siphoned
very 3 days in order to reduce juvenile disturbance.

.2.2. Zn-exposures and measurements
During summer 2012, and according to previous studies on mor-

ality induced by dissolved Zn on juvenile cuttlefish (Le Pabic et al.,
014), juvenile cuttlefish were exposed to 50 and 200 �g Zn l−1

respectively, Z1 and Z2) for 8 and 6 weeks, respectively, alongside
 control. Both Zn concentrations were environmentally realistic,
ith Z2 corresponding to concentration close to the previously
etermined mortality threshold value for 2-week post-hatching

uvenile cuttlefish (Le Pabic et al., 2014). The exposure media were
piked daily just after reservoir water renewal, using 20.84 g l−1

nCl2 (i.e. 10.0 g Zn l−1) stock solution (ZnCl2 reagent grade, ≥98%,
igma–Aldrich, France), prepared in 0.22 �m-filtered artificial sea-
ater (25.5 g NaCl, 6.4 g MgSO4, 5.2 g Hepes, 1.5 g CaCl2·2H2O,

.75 g KCl in 1 l Milli-Q water, pH 7.4). According to preliminary
rials, each reservoir was spiked weekly with respective nominal
oncentration plus 10% in order to keep constant concentrations
nd compensate animal absorption and experimental unit adsorp-

ion.

For all 3 batches (control and the 2 exposure conditions), 20 ml
f seawater was sampled daily, immediately acidifed with 1%
itric acid (HNO3 69.5%, Normapur grade), and stored at 4 ◦C until
ology 159 (2015) 23–35 25

analyses. Zn concentrations in the seawater were determined as
previously described in Devos et al. (2012). Triplicate analyses were
done on each sample and the mean values were used for evaluation.
The limit of detection, defined as the background plus three times
the standard deviation of the blank (3�),  for the determination of
the Zn concentration in seawater was 6.2 �g l−1.

2.2.3. Sampling procedure
All samplings were performed on 24-h fasting animals. Consid-

ering the elemental concentration assays, 9 animals were sampled
at the beginning of the experiment, thereafter 5 animals from each
batch were randomly removed every 2 weeks of exposure (i.e. after
2, 4, 6 and 8 weeks). According to organ size, samplings dedicated
to enzymatic assays were done with 5 animals per condition after a
4-week exposure in Z2, and 4-, 6- and 8-week exposures in control
and Z1 conditions. All animals sampled were anesthetized in solu-
tion of 2% ethanol with 17.5 mg  l−1 MgCl2 in seawater for 5 min,
afterwards they were measured (weight and mantle length). Indi-
viduals dedicated to elemental analysis were immediately frozen
in liquid nitrogen, whereas the digestive glands and the gills were
sampled on animals with cephalopodium (i.e. head, arms and fun-
nel) preliminary removed (Di Poi et al., 2014). Tissues were then
frozen in liquid nitrogen and stored at −80 ◦C for enzymatic assay,
whereas whole animals were freeze-dried and individually ground
for MTs  and trace element analysis.

2.3. Subcellular fractionation and MT  determination

Whole cuttlefish were analyzed for their MT  levels. Between
30 and 100 mg  of ground dry tissue were homogenized on ice
in 4–6 ml  (depending of aliquot size) 100 mM Tris buffer with
�-mercaptoethanol at pH 8.1 and then centrifuged (30,000 × g;
30 min; 4 ◦C). Around 100 �l of supernatants were used for MT
assay, while pellets (i.e. the insoluble fraction) and the remain-
ing supernatant (i.e. the soluble fraction) were stored frozen for
further trace element analysis. The supernatant aliquot was then
submitted to protocol described in Lucia et al. (2012) in order
to obtain heat-stable protein fraction. Finally, differential pulse
polarographic analysis (DPP) was used to determine the amount
of MTs  in this fraction and set up as described in Lucia et al. (2012).
Results are expressed in �g of MTs  per g of dry homogenized tissue
(�g g−1 dw).

2.4. Trace element analysis in respective soluble and insoluble
fractions

For the analysis of all elements (i.e. Ag, As, Cd, Co, Cr, Cu, Fe,
Mn,  Ni, Pb, Se, V and Zn), from 50 to 300 mg  of each subcellular
fractions were digested following the protocol described in Metian
et al. (2008).

Trace elements were analyzed by Inductively Coupled Plasma
Atomic Emission Spectrometry (Varian Vista-Pro ICP-OES) and
Mass Spectrometry (ICP-MS II Series Thermo Fisher Scientific).
Reference tissues – dogfish liver DOLT-4 (NRCC), lobster hep-
atopancreas TORT-2 (NRCC) – were treated and analyzed in the
same way  as the samples. Results were in line with the certi-
fied values, and the standard deviations were low, proving good
repeatability of the method. The results for standard reference
materials displayed recovery of the elements ranging from 73% to

114%. The detection limits (�g g−1 dw) were 0.015 (Cd), 0.017 (Ag),
0.02 (Co, Cr, Pb), 0.03 (Ni), 0.08 (Mn), 0.1 (Cu, Se), 0.2 (As), 0.3 (V)
and 3.3 (Fe and Zn). Trace element concentrations are expressed in
�g g−1 dw.
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.5. Biochemical analysis

Sampled digestive glands and gills of one animal were sepa-
ately weighed before being homogenized with a Potter-Elvehjem
omogenizer in ice-cold phosphate buffered saline (500 mM NaCl,
0 mM Na2HPO4 and 3.1 mM KH2PO4, pH 7.4, PBS) containing 1%
alt Protease Inhibitor Cocktail, EDTA-Free (100X, Thermo Fisher
cientific, Waltham, USA). Weight/volume ratio of 1/2 and 1/1 was
sed for digestive gland and gills, respectively. Homogenates were
hen centrifuged at 12,500 × g for 15 min  at 4 ◦C (S9 fraction), and
upernatants used for determining protein content, LPO, as well as
nzymatic activities (GST, SOD, catalase). All these analyses were
dapted for microplate and done in triplicate for each individual.

.5.1. Protein assay
Total protein concentration was determined according to

he Bradford method (1976) using bovine serum albumin
Sigma–Aldrich Chemicals, France) as standard. Enzymatic activ-
ties and LPO were expressed in relation to protein concentration

easured in S9 fraction.

.5.2. GST assay
GST activity was measured according to the method of

abig et al. (1974). Briefly, 50 �l of S9 fraction adjusted to
50 �g prot ml−1 in PBS were mixed with 200 �l of reagent solu-
ion (1 mM reduced glutathione (GSH), 10 mM Hepes, 125 mM
aCl, and 1 mM 1-chloro-2,4-dinitrobenzene (CDNB), pH 6.5). The
nzymatic reaction kinetic was spectrophotometrically monitored
t 340 nm for 20 min  at 25 ◦C. The results were expressed as
mol  of glutathione-CDNB conjugates per min  and mg  of proteins

�mol  min−1 mg−1 prot).

.5.3. SOD assay
SOD activity was measured using the assay developed by

aoletti et al. (1986). A SOD standard (Sigma–Aldrich Chemicals,
rance), range from 2.5 to 10 U ml−1 was made in PBS. The inhibi-
ion of �-NADH (Sigma–Aldrich Chemicals, France) oxidation was
hen monitored at 340 nm for 90 min  at 25 ◦C using 20 �l of S9 frac-
ion adjusted to 150 �g prot ml−1 in PBS, or SOD standard, mixed
ith 173 �l of 0.35 mM �-NADH, 6 mM EDTA and 3 mM MnCl2,

nd 20 �l of 10 mM �-mercaptoethanol (Sigma–Aldrich Chemicals,
rance). The results were expressed in U mg−1 of protein.

.5.4. Catalase assay
Catalase activity was monitored using the method previ-

usly described by Babo and Vasseur (1992). A catalase standard
Sigma–Aldrich Chemicals, France), range from 1 to 6 U ml−1 was

ade in PBS. Then, 100 �l of S9 fraction (adjusted respectively to 1.5
nd 1.0 mg  prot ml−1 in PBS for digestive gland and gills) or catalase
tandard were mixed with 100 �l of hydrogen peroxide 28 mM.  The
ydrogen peroxide degradation kinetics were assessed at 240 nm

or 15 min  at 25 ◦C in UV microplate (Greiner Bio-One, Germany),
nd the results were expressed in U mg−1 of protein.

.5.5. LPO determination
Lipid peroxidation level was assessed via malondialdehyde

MDA) content determined using a commercially available MDA
ssay kit (Oxis International, USA). The method is based on the

eaction of a chromogenic reagent, N-methyl-2-phenylindole, with
DA  at 45 ◦C. The blue product was quantified by measuring

bsorbance at 586 nm (Gérard-Monnier et al., 1998). The results
ere expressed in nmol MDA  g−1 of protein.
ology 159 (2015) 23–35

2.6. Statistical analysis

To study the changes of each variable as a function of time,
their homogeneity of variances (Levene test) and normal resid-
ual distributions (Shapiro test) were first tested. According to the
results, ANOVA or permutational ANOVA (in case of non normal
residuals) followed by non-parametric pairwise permutational t-
test (N < 30) were done. In case of variance non-homogeneity,
Kruskal–Wallis test followed by the Wilcoxon signed-rank test
were used. In some cases, logarithmic (Log; As total concentration)
or reciprocal (Fe total concentration) transformations were used
to meet the underlying assumptions of normality and homogene-
ity of variances. Pearson and Spearman correlations, respectively,
between soluble and insoluble concentrations of trace metals, were
analyzed according to data binormality assumption. Comparisons
between variables from control and Zn-exposed individuals were
done using ANCOVA when data profiles were linear (i.e. MTs,
Mn  total concentration, GST activity). In the case of MT compar-
ison, a square transformation was  used in this test. Otherwise,
comparison with control was assessed at each time point using
Student’s t-test. R software and packages were used for statistics
and graphics (Fox and Weisberg, 2011; Hervé, 2012; R Core Team,
2012).

3. Results

No mortality occured during this experiment.

3.1. Trace metal in juvenile cuttlefish

In this study, the soluble and insoluble amounts of trace metals
as well as the MT  content were measured in each animal.

3.1.1. Variation of the trace metal concentration
In order to study metal regulation in healthy juveniles, the con-

centration of 13 trace elements was assayed in whole juvenile
cuttlefish directly after hatching and at 2, 4, 6 and 8 weeks post-
hatching (Table 1). Trace element concentrations were grouped
together according to their changes in whole juvenile cuttlefish
between hatching time and 8 weeks. During this period, the total
concentration of 5 elements decreased (As, Cr, Fe, Mn  and Ni),
while it increased for 4 elements (Ag, Cd, Cu and Se), remained
constant for 3 elements (Co, Pb and Zn) and stayed below the
detection limit for V. Among decreasing elements, As and Fe dis-
played the highest concentrations found in the hatchlings (176 ± 76
and 103 ± 71 �g g−1 dw,  respectively), whereas Cr, Mn  and Ni dis-
played the lowest concentrations of 1.87 ± 0.36, 2.67 ± 0.36 and
1.71 ± 0.46 �g g−1 dw, respectively. This decreasing phase mainly
occurred between hatching time and the 6th week for all these
elements, reaching 55.8 ± 9.4, less than 0.28, 25.3 ± 4.1, 1.95 ± 0.1
and 1.06 ± 0.08 �g g−1 dw, respectively for As, Cr, Fe, Mn  and Ni.
Among increasing elements, the Cu increase occurred during the 2
first weeks (from 47.2 ± 5.0 to 59.3 ± 3.1 �g g−1 dw)  afterwards its
concentration remained constant. Although increasing, Se concen-
tration did not present clear pattern of change during the studied
period (ranging between 1.81 ± 0.21 and 2.64 ± 0.05 �g g−1 dw).
During the first month of the study, the non-essential elements Ag
and Cd presented an important accumulation from values lower
than 0.1 �g g−1 dw in hatchlings for both elements to 2.09 ± 0.22
and 0.39 ± 0.06 �g g−1 dw,  respectively at 1 month post-hatching,

afterwards their concentrations remained stable. During the extent
of the studied period, Co, Pb and Zn concentrations remained
constant around 0.21 ± 0.04, 0.41 ± 0.12 and 88.3 ± 7.8 �g g−1 dw,
respectively.
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Table  1
Trace element concentrations (mean ± SD; �g g−1 dw)  in whole juvenile Sepia officinalis during its two  first months of life. The different letters denote for each trace element,
statistically significant differences (at p-value <0.05) between sampling times (a /= b /= c).

Life stage Mantle length (mm)  Age N Ag As Cd Co Cr

Hatchlings 9.2 ± 0.5
0 days 9

<0.14c 176 ± 76a <0.10c 0.20 ± 0.06 1.87 ± 0.36a

8.4–9.8 <0.10–0.15 113–346 <0.06–0.21 0.14–0.35 1.35–2.28

Juveniles 10.3  ± 0.1
14 days 5

1.57 ± 0.18b 139 ± 33a 0.25 ± 0.03b 0.20 ± 0.02 1.58 ± 0.46a

10.1–10.5 1.37–1.86 112–192 0.22–0.30 0.18–0.24 0.93–2.11
11.7  ± 0.7

1 month 5
2.09 ± 0.22a 95.2 ± 17.1b 0.39 ± 0.06a 0.24 ± 0.03 0.45 ± 0.12b

10.9–12.7 1.79–2.34 73.2–113 0.33–0.46 0.20–0.27 0.34–0.63
16.4 ± 0.9

1.5 months 5
1.92 ± 0.21a 55.8 ± 9.4c 0.28 ± 0.06ab 0.21 ± 0.02 <0.28c

15.0–17.4 1.74–2.27 42.2–68.1 0.23–0.37 0.19–0.24 <0.20–0.28
22.3  ± 1.3

2 months 5
1.97 ± 0.09a 50.4 ± 4.0c 0.36 ± 0.01a 0.21 ± 0.01 0.44 ± 0.17b

21.3–22.6 1.85–2.09 46.0–55.0 0.35–0.37 0.19–0.23 0.31–0.73

Life  stage Cu Fe Mn  Ni Pb Se V Zn

Hatchlings 47.2 ± 5.0b 103 ± 71a 2.67 ± 0.36a 1.71 ± 0.46a <0.46 1.81 ± 0.21b <1.8 90.2 ± 8.1
41.7–57.7 30.5–218 2.20–3.49 1.24–2.74 <0.23–0.68 1.53–2.09 – 79.2–100

Juveniles 59.3  ± 3.1a 49.1 ± 9.6ab 2.29 ± 0.14ab 1.36 ± 0.20ab 0.33 ± 0.06 2.08 ± 0.11ab <1.0 82.3 ± 6.8
54.8–62.8 35.9–59.5 2.15–2.52 1.25–1.71 0.25–0.34 1.94–2.20 – 76.8–93.6
67.2  ± 6.7a 34.8 ± 4.0b 2.14 ± 0.23bc 1.23 ± 0.15bc 0.43 ± 0.13 2.64 ± 0.05a <0.6 88.2 ± 4.6
57.7–75.5 28.6–38.7 1.87–2.46 1.01–1.42 0.28–0.58 2.58–2.69 – 85.0–96.0
60.7  ± 7.6a 25.3 ± 4.1c 1.95 ± 0.10c 1.06 ± 0.08c 0.43 ± 0.11 2.04 ± 0.28ab <0.8 87.3 ± 12.3

–1.13
 ± 0.09
–1.20
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50.0–71.1 21.0–31.2 1.87–2.09 0.95
65.2  ± 5.1a 25.0 ± 8.0bc 1.85 ± 0.26bc 1.05
56.6–70.1 20.2–39.2 1.59–2.28 0.97

.1.2. Variation of the subcellular distribution
To better understand the change of subcellular fractions of trace

etals in juveniles during the first 2 months post-hatching, soluble
race elements were assayed as the proportion of the total content
etween hatching and 2 month post-hatching in whole animals
Table 2). During this period, the subcellular distributions of As, Cd,

n,  Ni and Pb remained constants at around 93.0 ± 1.5, 28.2 ± 4.2,
6.5 ± 7.8, 75.9 ± 6.0 and 77.9 ± 5.5% in the soluble fraction, respec-
ively. Soluble Ag distribution alone decreased significantly, from
0.4 ± 1.7 to 7.4 ± 0.6% between 2 and 6 weeks. In contrast, the dis-
ribution of soluble Co, Cu, Fe and Zn increased mainly between

atching and 6 weeks from 49.2 ± 5.9 to 74.9 ± 2.0, 27.3 ± 11.8 to
5.1 ± 5.1, 14.0 ± 12.8 to 48.6 ± 7.7 and 14.8 ± 5.8 to 26.6 ± 4.0%,
espectively. Our study highlighted that Ag, Cd, Fe, Mn  and Zn were
ainly associated to the insoluble fraction while As, Co, Cr, Ni,

able 2
oluble trace element proportion (mean ± SD; %) in whole juvenile Sepia officinalis durin
tatistically significant differences (at p-value <0.05) between sampling times (a /= b /= c

Life stage Mantle length (mm)  Age N Ag 

Hatchlings 9.2 ± 0.5 0 days 9 n.d. 

8.4–9.8 n.d. 

Juveniles 10.3  ± 0.1 14 days 5 10.4 ± 1.7
10.1–10.5 8.5–12.9
11.7  ± 0.7 1 month 5 8.4 ± 1.3a

10.9–12.7 7.1–10.2
16.4  ± 0.9 1.5 months 5 7.4 ± 0.6b

15.0–17.4  6.8–7.9 

22.3  ± 1.3 2 months 5 7.8 ± 0.9a

21.3–22.6 6.6–8.9 

Life  stage Cu Fe Mn N

Hatchlings 27.3 ± 11.8b 14.0 ± 12.8c 35.6 ± 6.7 7
11.0–39.8 2.4–37.4 22.5–44.4 5

Juveniles 41.3  ± 7.5b 31.9 ± 7.4b 41.6 ± 3.7 7
31.2–51.9 25.6–42.8 37.1–45.0 6
40.8  ± 6.2b 34.9 ± 4.8b 41.3 ± 8.5 7
33.8–49.7 31.3–43.1 28.0–50.1 7
55.1  ± 5.1a 48.6 ± 7.7a 36.6 ± 7.9 7
47.3–61.0 37.8–55.9 22.8–41.4 7
55.8  ± 0.7a 35.7 ± 7.2ab 28.2 ± 6.1 7
55.1–56.8 24.6–44.0 21.0–37.1 7
 0.34–0.60 1.76–2.40 – 73.9–104.9
c 0.36 ± 0.08 2.26 ± 0.08a <1.0 92.3 ± 2.2

 0.25–0.45 2.16–2.36 – 88.5–94.0

Pb and Se were mainly found in the soluble fraction in the whole
juvenile cuttlefish. Notably, Cu was  the only element displaying a
major proportion as insoluble form in the hatchlings, subsequently
switching to a majority as soluble form at the end of the study
period. The positive correlations between the soluble fractions of all
trace elements (Table 3) as well as the insoluble fractions (Table 4)
allowed at distinguishing 2 groups of elements: Ag, Cd, Co, Cu, and
Zn on one side and As, Cr, Fe, Mn,  and Ni on the other side. Other-
wise, soluble and insoluble concentrations of Pb as well as Se fell
into different correlation groups.
3.1.3. Variation of MT concentration and correlation with soluble
element concentrations

The MT  concentrations were assayed in the heat-stable soluble
fraction of whole juveniles during the first 2 months post-hatching

g its two first months of life. The different letters denote for each trace element,
).

As Cd Co Cr

92.8 ± 1.8 n.d. 49.2 ± 5.9c 62.1 ± 14.6b

89.5–95.5 n.d. 43.1–60.8 43.6–83.7

a 93.9 ± 1.4 27.6 ± 5.5 68.1 ± 3.2b 50.0 ± 17.2b

 92.2–95.3 19.7–34.5 63.8–72.0 33.0–77.4
b 93.6 ± 1.4 25.4 ± 4.7 68.5 ± 3.5b 68.0 ± 9.7ab

 91.3–94.9 18.5–30.1 64.2–72.1 57.9–79.1
92.4 ± 0.9 30.7 ± 3.3 74.9 ± 2.0a n.d.
91.2–93.6 27.1–34.8 72.1–76.7 n.d.

b 92.7 ± 1.5 29.2 ± 1.6 70.3 ± 2.1b 83.2 ± 9.9a

90.3–94.3 28.2–31.2 66.8–72.5 67.0–92.3

i Pb Se Zn

3.5 ± 9.7 n.d. 51.4 ± 3.6b 14.8 ± 5.8b

6.9–82.6 n.d. 46.5–56.3 6.0–23.6

3.5 ± 5.2 79.3 ± 2.8 62.0 ± 3.6a 18.4 ± 2.9b

7.9–81.9 76.8–83.6 55.8–65.1 15.6–22.3
7.0 ± 3.3 83.4 ± 4.5 64.0 ± 2.0a 20.2 ± 4.5b

4.3–80.9 79.0–87.5 62.1–66.9 14.9–25.0
8.6 ± 2.4 74.8 ± 6.7 63.5 ± 1.5a 26.6 ± 4.0ab

5.7–81.5 69.1–85.8 60.9–65.1 23.4–32.3
8.4 ± 0.9 75.1 ± 3.9 63.6 ± 2.0a 30.0 ± 1.2a

7.3–79.2 69.4–80.2 60.5–66.0 28.6–31.7
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Table 3
Positive correlations between soluble concentrations of trace elements and met-
allothioneins measured in control juvenile cuttlefish between 2- and 8-week
post-hatching. Upright and italic scripts correspond to Pearson and Spearman cor-
relations, respectively. Underlined: p < 0.001; other: p < 0.05.

Elements

Ag + Cd + Co +Cu + Zn
As + Cr + Fe + Mn  + Ni
Cd + Ag + Co + Cu + Zn
Co + Ag + Cd + Cu + Fe + Ni + Pb + Se + Zn
Cr + As
Cu +Ag + Cd + Co + Zn + MTs
Fe  + As + Co + Mn +Ni
Mn  + As + Fe +Ni
Ni + As + Co +Fe +Mn  + Se
Pb  + Co
Se + Co + Ni
Zn + Ag + Cd + Co + Cu + MTs
MTs  + Cu + Zn

Table 4
Positive correlations between insoluble concentrations of trace elements measured
in  control juvenile cuttlefish between 2- and 8-week post-hatching. Upright and
italic scripts correspond to Pearson and Spearman correlations, respectively. Under-
lined: p < 0.001; other: p < 0.05.

Elements

Ag + Cd + Co + Pb
As +Cr +Fe + Ni + Pb +Se
Cd + Ag + Co + Cu +Zn
Co + Ag + Cd + Cu + Mn +Zn
Cr +As +Fe + Ni + Se
Cu + Cd + Co +Zn
Fe +As +Cr + Mn
Mn  + Co + Fe + Ni
Ni + As + Cr + Mn
Pb + Ag + As

(
i
t
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F
a
a
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Table 5
Zinc concentrations (mean ± SD in �g l−1 and �M)  in seawater during the
experiment.

Zn concentration Control Z1 Z2
Se +As +Cr
Zn +Cd +Co + Cu

Fig. 1). Its concentrations increased dramatically along the exper-

ment, highlighting that an important MT  synthesis occurred at
his period, particularly during the 6 first weeks post-hatching,
hich increased from 686 ± 93 to 5551 ± 631 �g g−1 dw.  During
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ig. 1. Metallothionein concentrations (mean ± SD; �g g−1 dw) in juvenile cuttlefish
nd associated weight (mean ± SD; g) during the 2 months post-hatching. Letters
bove the metallothionein concentrations indicate significant differences between
roups (p-value <0.05).
�g l−1 <6.2 52 ± 3 184 ± 11
�M  <0.1 0.80 ± 0.05 2.81 ± 0.16

this period, MT  concentrations and size (weight and mantle length)
had a positive linear correlation (r = 0.93 and 0.90, respectively, and
p-values <0.001). After the 6th week, MT  concentrations decreased
back to 4-week levels (i.e. 3617 ± 417 �g g−1 dw).

Positive correlations were found between MT concentrations
and soluble Cu and Zn concentrations (r = 0.41 and � = 0.47, respec-
tively) (Table 3).

3.2. Zn exposures

Table 5 shows the mean Zn concentrations during the studied
period (i.e. 8 and 6 weeks, respectively for Z1 and Z2) expressed
in �g l−1 and �M,  measured in the seawater of control, Z1 and Z2
batches. Table 6 shows the mean concentrations of the studied trace
elements in the brown shrimp used as food during the study.

3.2.1. Elemental concentration perturbations
The variation of Zn concentrations in juvenile cuttlefish fol-

lowing the exposure to the waterborne metal is presented in
Fig. 2. Whereas Zn concentrations remained constant in control
(i.e. <6.2 �g l−1), Zn concentration increased in both conditions
with stabilization occurring in Z1 (i.e. 52 �g l−1) after 4-week expo-
sure at 302 ± 27 �g g−1 dw, and a constant increase in Z2 (i.e.
184 �g l−1) reaching 959 ± 132 �g g−1 dw after 6-week exposure
(Fig. 2).

Apart from Zn, the only element showing a variation in total
concentration was  Mn  (Fig. 3). Thus, a concentration-dependent
decrease of Mn  concentration occurred after 2- and 6-week expo-
sure in Z2 and Z1 conditions, respectively. ANCOVA analysis
highlighted a similar profile (i.e. slope) in the 3 conditions stud-
ied but at different concentration levels (i.e. y-intercept) for both
Zn-exposures (p-value <0.01 and 0.001 for Z1 and Z2, respectively).

3.2.2. Variation of subcellular distribution
The exposure to waterborne Zn induced a general increase of

the proportion of soluble Ag, Cd, Cu and Zn (Fig. 4). In Z2, all
these elements presented a significant soluble percentage increase
regardless of the exposure time of around 2.2-, 2.0-, 1.2- and 1.4-

fold the control level for Ag, Cd, Cu and Zn, respectively. Notably,
their profiles remained similar to those of the control, and only
soluble proportions appeared modified. In Z1, similar increase (in
comparison to control condition) of the soluble proportions were

Table 6
Trace metal concentrations (mean ± SD in �g g−1 dw) in prey (C. crangon) used dur-
ing  this study.

Fe 55.1 ± 25.0
Zn  43.2 ± 4.1
Cu  25.7 ± 5.6
As  15.7 ± 3.7
Mn  6.18 ± 3.49
Se 2.33 ± 0.73
Ni 1.56 ± 0.60
Ag 0.99 ± 0.13
Cd 0.25 ± 0.08
Cr 0.23 ± 0.18
Co 0.21 ± 0.04
Pb 0.17 ± 0.10
Hg 0.09 ± 0.02
V <0.39
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3.2.3. MT perturbations
According to the linear profile of MT  concentration observed

in the control and to the lack of differences between Z1 and the

control conditions after 8-week exposure (data not shown), the
general change of this parameter was assayed during the first 6-
week period. ANCOVA analysis highlighted no significant difference
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n MT  concentrations at Z1 (p-value = 0.17) compared to control,
nd significant negative effect at Z2 considering all studied period
i.e. from 0 to 6-week exposure; p-value = 0.009) (Fig. 5).

.2.4. Oxidative stress in digestive gland and gills
Because of the small size of organs and the lack of digestive

land differentiation (in rudimentary form during the first month
ost-hatching), first samplings were done after 1-month exposure

n order to allow individual analysis.
In gills, no effect of Zn exposures on GST, SOD and catalase

ctivities or LPO level were detected, regardless of the exposure
ime (data not shown). In contrast, some important modifica-
ions of these parameters were measured in the digestive gland.

ndeed, a significant increase in GST activity was observed in this
rgan after 4-week exposure to Z2 (Fig. 6) and in Z1 (ANCOVA
-value = 0.026). Notably, GST activity also increased in the diges-
ive glands of control individuals during the sampling period. SOD
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activities increased at each sampling date in Z1 alone (Fig. 6),
whereas catalase activities significantly decreased after 4-week
exposure in Z2, and 6- and 8-week exposure in Z1 (Fig. 6). Finally,
LPO presented higher levels after 6- and 8-week exposure in Z1
(Fig. 7). Notably, LPO level in the digestive gland of the control
decreased between 4- and 6-week post-hatching.

4. Discussion

According to French national monitoring of inshore seawater,

the values of dissolved metal concentrations in natural seawater
used during this experiment were similar or lower than national
median concentration except for Ag, with a concentration 4 times
higher than national median (ranged 2–4 ng l−1; Boust et al., 2004;
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hiffoleau et al., 2001; Etourneau et al., 2013; Ifremer, 2007;
achambre and Fisson, 2007b). In order to minimize contamina-
ion from both particle and dissolved trace elements, seawater was
ecanted before being charcoal-filtered.

.1. Metal concentrations in juvenile cuttlefish

Hatchlings presented trace element concentrations higher than
hose previously reported in cephalopods for As, Cr, Fe, Mn  and Ni
Bustamante et al., 2008; Horowitz and Presley, 1977; Ichihashi
t al., 2001a,b; Kojadinovic et al., 2011; Miramand and Bentley,
992; Napoleão et al., 2005; Raimundo et al., 2010, 2014). Among
hem, As, Fe and to a lesser extent, Cr, displayed the highest concen-
rations followed by an important decrease during the first 6-weeks
ost-hatching (Table 1). According to the very important mean
ontent of As and Fe in hatchlings – 176 and 103 �g g−1 dw, respec-
ively – and to their low dissolved concentrations in our rearing
eawater – around 1 and 5 �g l−1, respectively (Boust et al., 2004;
achambre and Fisson, 2007c), it is very likely that maternal trans-
er is the main source for both elements. As and Fe accumulation
as previously reported in cephalopod genital tissues: the oviduct

land of the giant squid Architeuthis dux is the tissue containing
he highest As concentration (Bustamante et al., 2008), and high
e concentrations were found in the genital tract of female cut-
lefish from the English channel (173 ± 14 �g g−1 dw) as well as in
ggshells from the same location (398 ± 64 �g g−1 dw;  Miramand
nd Bentley, 1992; Miramand et al., 2006). In contrast, low Fe
oncentration was previously reported in S. officinalis hatchlings
rom the Mediterranean sea, suggesting an important environmen-
al influence on this process (Villanueva and Bustamante, 2006).

aternel transfer is also likely to be the main source of Cr found
n hatchlings. Indeed, higher Cr concentrations were found in juve-
iles of the squid Stenoteuthis oualaniensis than in adults (Ichihashi
t al., 2001a), and higher Cr concentrations were reported in ovary
nd genital tract of A. dux and S. officinalis than in other tissues
Bustamante et al., 2008; Miramand and Bentley, 1992). The impor-
ant decrease in total concentration of As, Fe and Cr during the 6
rst weeks post-hatching suggested excretion of these elements at
his period (Table 1).

In spite of their low total concentrations in hatchlings, Mn  and
i values (2.67 and 1.71 �g g−1 dw,  respectively) were higher than
reviously reported in whole adult S. officinalis (Miramand and
entley, 1992). Because of these low numerical values and the
reviously documented ability of Mn  to accumulate in cuttlefish
mbryos through the eggshell (Lacoue-Labarthe et al., 2010b), but
ot through maternal transfer (Lacoue-Labarthe et al., 2008a), high
n and Ni likely bioaccumulated from seawater during the egg

evelopment. Consistently, the dissolved concentrations of Mn  and
i in our rearing seawater were in the upper range of national
edian range (i.e. around 7 and 2 �g l−1 of Mn  and Ni, respec-

ively; Boust et al., 2004; Chiffoleau et al., 2001). The slow and
onstant total concentration decreases observed during the first 6
eeks post-hatching was very likely the result of dilution by growth

Rainbow and White, 1989) (Fig. 1).
Elements that strongly accumulated in our study were the

on-essential elements Ag and Cd, with around 10- and 4-fold
ncrease, respectively, during the first month post-hatching. Inter-
stingly, their concentrations stabilized in subsequent time-points
Table 1), correlating with the time of digestive gland maturation
Yim and Boucaud-Camou, 1980). Previous studies have shown
hat the mature cuttlefish digestive gland contains more than 70%
f the total body content in both elements (Bustamante et al.,

002b; Miramand and Bentley, 1992; Miramand and Guary, 1980;
iramand et al., 2006). Once in this tissue, Ag is quickly excreted
hereas Cd is stored in a less toxic form, mainly associated with

ytosolic proteins, allowing to its long-term retention at very high
ology 159 (2015) 23–35 31

concentrations in the digestive gland (Bustamante et al., 2002a,b).
Interestingly, the major difference in accumulation processes of
these elements between juvenile with non-mature digestive gland
and adult is the higher assimilation efficiency by juveniles of
contaminants contained in food, as juvenile digestion is mostly
intracellular (Bustamante et al., 2002b, 2004; Yim and Boucaud-
Camou, 1980).

The only element with a decrease in its soluble fraction dur-
ing our study was the non-essential trace metal Ag. This decrease
occured during the first 6 weeks post-hatching, underlying the set-
up of an efficient detoxification pathway of Ag and correlating with
the digestive gland maturation which is involved in Ag insolubil-
isation (Bustamante et al., 2006a; Martoja and Marcaillou, 1993)
(Table 2).

Other elements with a modification of their subcellular frac-
tionation were the essential trace metals Co, Cr, Cu, Fe, Se and Zn,
with an increase in their soluble proportion (Table 2). All increases
occurred during the first 4 or 6 weeks post-hatching and were con-
sistent with important growth of cuttlefish and essential roles of
these elements, such as hemocyanin synthesis for Cu, vitamin B12
production for Co and glutathion peroxidase activity for Se.

The determination of positive correlations between soluble and
insoluble concentrations revealed two distinct groups. The first
group comprises Ag, Cd, Co, Cu and Zn, all of which are known to
highly accumulate in the cephalopod digestive gland and to have
affinity for sulfur-containing proteins such as MTs  (Amiard et al.,
2006; Vašák, 1991). In contrast, the second group is composed of
trace elements that do not accumulate in the digestive gland: As,
Cr, Mn  and Ni are homogeneously allocated in cephalopod tissues
and Fe accumulates in other organs (Bustamante et al., 2000, 2008;
Kojadinovic et al., 2011; Miramand and Bentley, 1992; Miramand
and Guary, 1980; Napoleão et al., 2005; Raimundo et al., 2010, 2014;
Schipp and Hevert, 1978; Ueda et al., 1979) (Tables 3 and 4).

The only elements with soluble fraction positively correlated
with MT  concentrations in our study were Cu and Zn, consistently
with the major role of MTs  in homeostasis of both elements (e.g.
Amiard et al., 2006; Cosson, 1991; Roesijadi, 1992). These corre-
lations are also consistent with the potential role of MTs  in the
detoxification process of non-essential metals such as Ag and Cd
(Table 3).

4.2. Zn exposures

The Zn accumulation observed during our experiment high-
lighted the decreasing ability of juvenile cuttlefish to regulate the
Zn-buildup when exposed to dissolved concentrations equal or
above 52 ± 3 �g l−1 (Z1; Fig. 2). Notably, this treshold appeared low
considering Zn accumulation in other marine organisms such as
the crustaceans Palaemon elegans and Carcinus maenas (Rainbow,
1985; White and Rainbow, 1982) and the bivalve Perna viridis
(Chan, 1988) which regulated Zn buildup at concentrations above
100 �g l−1. Nevertheless, metal uptake appears strongly species-
specific (e.g. Rainbow, 2002; Wang and Rainbow, 2005). The
stabilization of Zn concentration occurring in Z1 animals after 4-
week exposure (around 302 ± 27 �g g−1 dw)  likely resulted from
an equilibrium state between water and concentrations reached in
animals rather than from a regulatory process (Fig. 2). Indeed, in
Z2 conditions, Zn accumulation was observed at all time points,
whereas regulatory processes in other aquatic organisms lead
to maintenance of internal concentrations close to control levels
(Chan, 1988; Rainbow, 1985; White and Rainbow, 1982).

Apart from this Zn accumulation, a Zn concentration-dependent

depletion of total Mn  in animals was observed during Zn exposures
without fractionation or profile concentration changes (Fig. 3). To
the best of our knowledge, such depletion of Mn  concentrations
due to Zn exposure has not been reported previously. According to
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he similar chemical properties of Mn2+ and Zn2+ ions, Mn  sub-
titution by Zn appears likely: these elements are both used in
nzymes as Lewis acids (Bock et al., 1999; McCall et al., 2000) and
heir divalent ions have almost the same radius (0.75 Å  for Mn2+

nd 0.74 Å for Zn2+; Bock et al., 1999). In addition, Mn  and Zn are
orderline metals without binding preferences for oxygen, nitro-
en and sulfure ligands, and as such are found in the two  main
ypes of metal rich granules in mollusks: those rich in phosphate
alts, and those rich in sulfure salts (Chvapil, 1973; Marigómez
t al., 2002; Niebœr and Richardson, 1980; Pan and Wang, 2012).
ur study suggests Zn binding to Mn  ligands at high dissolved Zn
oncentrations (Z1 and above). Because such Mn2+ replacement
s most often observed with Mg2+, Mg  homeostasis could be an
mportant parameter to survey under Zn perturbation (Bock et al.,
999).

The increase in soluble Ag-, Cd- and Cu fractions observed in
n-exposed juveniles (Fig. 4) differed from those found in similar
tudies on bivalves which reported some modifications in metal
ccumulation due to new ligand synthesis (e.g. MTs, GSH), thus
llowing higher metal burden (e.g. Liu and Wang, 2013, 2014). In
ur study, no accumulation modifications were observed, except
or Zn, in spite of modified subcellular distributions, thus suggest-
ng the absence of Zn-induced synthesis of new ligand (Mouneyrac
t al., 2002). We  suggest that insoluble ligands of Ag, Cd, and
u become occupied by significantly accumulated Zn, resulting in
he observed increase of their respective soluble fractions. Such
ncreases would have to be regulated by soluble ligands such as

Ts, GSH and/or high molecular weight proteins (HMWP) to avoid
he production of ROS and their associated damages. According
o the positive correlation found between MTs  and Zn in control
uveniles, the different biological half-life of MT  depending of their
ation linkage and the previously reported shorter half-life of Zn-
hioneins, we also suggest that the lack of MT  increase in Z1 and
heir decrease in Z2 (Fig. 5) may  result from their intensive use by
n resulting on progressive depletion of the MTs  cuttlefish stock
Amiard et al., 2006; Cosson, 1991). Alternatively, this decrease

ay  result from important MT  degradation after metal transport
nto lysosomes for metal-rich granule formation (Liu and Wang,
013; Mouneyrac et al., 2002). The management of Ag, Cd, Cu and
n could also be assured by other cytosolic molecules such as the
mall tripeptide glutathion (GSH) which is one of the most abun-
ant sulphur ligands found in most cells (Dickinson and Forman,
002), and/or HMWP  (Serafim and Bebianno, 2010). Consistently
ith this hypothesis, a study describing subcellular fractions of
etals in the cuttlefish digestive gland highlighted that a part of

ytosolic Cd, Cu and Zn were linked with compounds of size range
imilar to GSH and HMWP, whereas cytosolic Ag was  detected only
ssociated with compounds of HMWP  size range (Bustamante et al.,
006a).

Oxidative stress bioassays indicated a lack of gill sensitivity
o Zn exposure, suggesting the absence of Zn accumulation in
ephalopod gills, unlike previously reported in bivalves (Company
t al., 2008, 2010; Funes et al., 2006). In contrast, all biomarkers
ere affected by Zn exposure in the digestive gland, highlighting

ncreased oxidative stress and reduced regulation of ROS resulting
rom Zn accumulation. First, the increase in GST activity after 1- and
-month exposure to Z2 and Z1 (Fig. 6), respectively, was consistent
ith an increase in free metal binding as the GST enzyme conju-

ates GSH with a great variety of electrophilic compounds such as
etal ions to avoid ROS production (Dickinson and Forman, 2002).

 possible consequence of this elevated GST activity is the depletion
n free GSH, further increasing free metal concentrations (Dickinson
nd Forman, 2002). Second, the SOD activity increase measured

fter 4-, 6- and 8-week exposure to Z1 highligthed an increased
OS production under the superoxide anion form (O2

•−), which
s consistent with a saturation of the metal-ligation system. SOD
ology 159 (2015) 23–35

activity reduces O2
•− – the first synthetized oxygen free-radicals,

into H2O2 (Halliwell and Gutteridget, 1984; Janknegt et al., 2007),
which is then decomposed into H2O and O2 by catalase (Wang et al.,
2013). The catalase activity decrease observed after 6- and 8-week
exposure in Z1 contrasts with the increased SOD activity and sug-
gests an imbalance in ROS management. This decreased catalase
activity may  result from previously described inhibitory effects of
Zn, Cd and/or Cu on this enzyme (Chandran et al., 2005; Company
et al., 2004; Geret et al., 2002). The increase in LPO in Z1 after 6-
week exposure confirmed such imbalance occuring simultaneously
to catalase decrease (Fig. 7). Nevertheless, no effect was observed
before this period, whereas increases in Ag-, Cd- and Zn cytosolic
concentrations were detected starting at 2 weeks of Zn exposure,
or 4 weeks in the case of Cu, suggesting a progressive decrease in
the regulation of ROS production.

Our results highlighted the great sensitivity of juvenile cuttlefish
to dissolved Zn exposure. For the first time in a cephalopod, modi-
fication of metal concentrations as well as subcellular distributions
by a single metal exposure are highlighted. According to these per-
turbations, our results suggest a low plasticity of this stage of life to
regulate the effects of medium dissolved Zn exposure such as oxida-
tive stress. The synthesis of new ligands to control accumulation of
this element appeared very limited. Moreover, we studied the abil-
ity to control the ROS production in several tissues in a juvenile
cephalopod. In contrast to those of bivalves, cuttlefish gills pre-
sented a lower Zn accumulation potential compared to digestive
gland. In this tissue, damages were recorded after 6-week expo-
sure in 52 �g l−1 – a concentration lower or of the same order than
values registered in coastal environments (Lachambre and Fisson,
2007a; Sheahan et al., 2007) and gulfs or estuaries (Amado Filho
et al., 1997; Di Salvatore et al., 2013; Liu and Wang, 2013; Popham
and D’Auria, 1982; Srinivasa Reddy et al., 2005) worldwide. Fur-
ther studies on other pollutants will be necessary to characterize
the breadth of cuttlefish sensitivity to anthropogenic contamina-
tion and confirm its impact on cuttlefish recruitment, as previously
suggested by Gras (2013).
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