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GLAND OF THE COMMON CUTTLEFISH SEPIA OFFICINALIS
P. BUSTAMANTE, 1 * M. BERTRAND, 2 E. BOUCAUD-CAMOU, 3 AND P. MIRAMAND 1
1
Centre de Recherche sur les Ecosystemes Littoraux Anthropises, UMR 6217
CNRS-IFREMER-Universite
de La Rochelle, 22 Avenue Michel Crepeau, 17042 LA ROCHELLE Cedex,
France; 2Institut National des Sciences et Techniques de la Mer, Conservatoire National des Arts et
Metiers, BP 324, 50103 Cherbourg Cedex, France; 3Laboratoire de Biologie et Biotechnologies
Marines, UMR IFREMER-Universite de Caen, 14032 Caen cedex, France
ABSTRACT The subcellular fractionation of the digestive gland cells of the common cuttlefish Sepia officinalis was performed to
investigate the distribution of metals between organelles and cytosol and the different cytosolic fractions separated by gel-filtration
chromatography. Total metal concentrations vary over 3 orders of magnitude, ranging from dwt for Pb to dwt for Zn. With the
exception of Cd, Co, and Cu, metals were mostly bound to the organelles. Whereas no specific organelle compartment was found for
Mn, Pb, and Zn, Fe was mainly associated with nucleus, brown body, and "boule" fraction (i.e., 52%) and 44% of the total Ag was
contained in the lysosomal and mitochondria enriched fraction. The link of metals with hydrosoluble proteins in the cytosolic fraction
was investigated at 254 and 280 nm. Direct relationship between cytosolic metal and metallothioneins could only be established for
Ag and Cu, whereas Cd and Zn seem to mainly bind high (>70 kDa) and low (<4 kDa) molecular weight proteins.
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INTRODUCTION
Exclusively marine organisms, cephalopods, are active predators found from polar to tropical ecosystems and from the shallow
waters to very deep ocean environments. As well, they constitute
a major food source for many top predators species (see the reviews by Clarke 1996, Croxall & Prince 1996, Smale 1996, Klages
1996). They therefore have a key role in many marine ecosystems
and are also of increasing interest for worldwide fisheries (Amaratunga 1983, Rodhouse 1989). Despite such ecological and economical importance, metal; radioactive; and organic contaminants
have globally been poorly studied in cephalopods.
Concerning metals, cephalopods concentrate several trace elements such as Ag, Cd, Cu, or Zn at sometimes very high concentrations (e.g., Martin & Flegal 1975, Miramand & Bentley 1992,
Bustamante et al. 1998). Most of the studies reported the major
role of the digestive gland in the bioaccumulation mechanisms,
this organ suspected to have a key function in the metabolism of
many metals in cephalopods (e.g., Miramand & Bentley 1992, Bustamante et al. 2002a, 2004). Thus, the digestive gland of cephalopods constitutes the main storage organ for essential (e.g., Co, Cu,
Fe, and Zn) and non essential elements (e.g., Ag, Cd, Pb, and V)
independently of the considered species and of its area of origin
(e.g., Miramand & Guary 1980, Smith et al. 1984, Finger & Smith
1987, Miramand & Bentley 1992, Bustamante et al. 1998, 2002a,
2004, Miramand et al. 2006). Thus, around 70% to 98% of the
whole body burden of metals could be readily stored in the digestive gland (Miramand & Bentley 1992, Bustamante et al. 2002b).
This could result from the very long half-life of some elements like
Cd and Co (Bustamante et al. 2002a, 2004) and/or to very efficient
translocation processes from other organs and tissues to the digestive gland (e.g., Ag or Cs; Bustamante et al. 2004, 2006). In the
case of Cd and Co for example, the residence time of the metal in
the whole organism could be longer than the life span of the
cephalopods, meaning that almost all the assimilated metal is definitively sequestrated in the digestive gland (Bustamante et al.
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2002a, 2004). In contrast to Cd and Co, Ag displays a faster
turnover in cephalopods (Bustamante et al. 2004). Even the dissolved pathways are probably the main route for Ag accumulation
in cephalopods, the digestive gland contains most of the whole
body burdens of this metal (Miramand & Bentley 1992, Bustamante et al. 2000, 2004). This fact suggests that very efficient
translocation processes allow the transfer of Ag from tissues and
organs in contact with seawater to the digestive gland for detoxification purposes (Bustamante et al. 2004).
In both cases (i.e., metals directly stored for a long time in the
digestive gland and metals having a peculiar tropism to this organ)
the elevated concentrations reported on metal bioaccumulation in
cephalopods suppose the occurrence of efficient storage and
detoxification mechanisms to counteract the toxicity of metals
(e.g., Simkiss & Taylor 1982, Phillips & Rainbow 1989). Detoxification mechanisms of marine invertebrates mainly involve the
precipitation or co precipitation of metals on amorphous granules
and the binding on proteins, which can be nonspecific (e.g., transferrin, ferritin) or specific to one or more metals (e.g., vanabins,
metallothioneins [Durand et al. 2002, Ueki et al. 2003]). One wellknown detoxification strategy involving proteins is the binding of
some trace metals to metallothioneins (MTs), which play a role in
the homeostasis of the essential metals Cu and Zn, but are induced
by various other metals (i.e., Ag, Cd, and Hg) (Engel & Brouwer
1989, Cosson et al. 1991, George & Olsson 1994). Thus, MTs are
considered to be involved in Ag, Cd, and Hg detoxification
(Dallinger 1993, 1995, Roesijadi 1992, 1996, Viarengo & Nott
1993). In cephalopods, association of MT with metals in the digestive gland seems to mainly concern Cu and, to a lesser extent,
Cd and Zn (Tanaka et al. 1983, Finger & Smith 1987). In the
digestive gland, most of Cd and Zn appear to be bound to other
cytosolic proteins than to MTs (Tanaka et al. 1983, Finger & Smith
1987, Castillo et al. 1990).
Considering the elevated metal concentrations occurring naturally in the digestive gland of cephalopods, the aim of our study
was to investigate the metal distribution between the different
organelles and the cytosol and to provide insight on the implication
of hydrophilic proteins such as MTs in the detoxification mecha-
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nisms. The common cuttlefish Sepia officinalis was selected as an
experimental model, and the subcellular distribution of various
metals, Ag, Cd, Co, Cu, Fe, Mn, Pb, and Zn, were considered in
mature male individuals. Finally, the cytosolic fraction obtained
was chromatographed to determine the association of the different
metals to the hydrophilic proteins.
MATERIALS AND METHODS

1980]) and brown bodies fraction, the mitochondrial and lysosomal fraction, and the microsomal fraction. The accuracy of the sequential separation was controlled by Transmission Electronic Microscopy after fixation in 4% glutaraldehyde and postfixation with
osmium tetraoxyde in 0.4 M cacodylate buffer at pH 7.3. The
particle-free supernatant fraction (cytosol) was removed for heavy
metal analysis and for gel filtration chromatography.
Gel-filtration Chromatography

Biological Material
Male mature common cuttlefish were caught in the Bay of
Seine (French coast of the English Channel) and kept alive at the
most two days in outflow tanks. Animals belonging to the same
age class, from the same sex and sexual maturity state were selected to minimize the biological variability (n = 4, total weight
785 ± 84 g). Prior to the experimentation, cuttlefish were anaesthetized in seawater containing 2% ethanol and rapidly dissected.
The digestive gland was carefully removed, weighed (n = 4, 37 ±
10 g), and prepared for direct heavy metal analysis and subcellular
fractionation.
Subcellular Fractionation
Aliquots ranging from 1-2 g of each individual's digestive
gland were homogenized with a mortar and pestle on ice with 4
volumes of a 20-mM TRIS-HC1, 0.25-M sucrose buffer (Tanaka et
al. 1983), at pH 8.6. The homogenates were successively centrifuged at 600g for 10 min, 10,000g for 10 min and 100,000g for 60
min at 4CC in a Beckman LE-70 ultracentrifuge. This procedure
giving six different fractions is summarized in Figure 1. Each
pellet was collected to determine the metal concentrations in the
membranes, nuclei, "boules" (which are considered as heterolysosomes and heterophagosomes involved in intracellular digestion of
cephalopods [Boucaud-Camou 1976, Boucaud-Camou & Yim
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Samples of the digestive gland were previously dried at 80°C to
constant weight prior to analysis. The dried digestive gland
samples, the pellets, and the particle free supernatants resulting
from the subcellular separation, and the different fractions separated by gel chromatography were digested with 5 mL of 14 N
ultrapur HN0 3 at 100°C during 3 days. After evaporation of the
acid, the residues were taken up in 5 mL 0.3 N HN0 3 and analyzed
for Ag, Cd, Co, Cu, Fe, Mn, Pb, and Zn by flame and graphite
furnace atomic absorption spectrophotometry with a Zeeman Hitachi model 180-70.
Quality control was assessed by heavy metal analyses in blanks
and reference materials. Thus, Orchard-Leaves (National Bureau
of Standards) and MA-A-2 fish flesh standard (IAEA) were treated
and analyzed in the same way as the samples. Our results for the
standard reference materials were in good agreement with the certified values (Table 1). The detection limits were (u,g.g_1 dry
weight): 0.004 (Cd), 0.02 (Ag), 0.1 (Co, Mn, Pb), 0.5 (Cu, V, and
Zn), and 2.5 (Fe). Results are also expressed in micrograms per
gram of the dry tissue weight (ixg.g-1 dwt).
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Centrifiigation
100,000 g, 60 min

Metal analysis

Prior to the gel filtration chromatography, total proteins were
quantified in the collected cytosol following Lowry et al. (1951).
Then, 2 mL of this fraction were chromatographed on a Sephadex
G-75 superfine (16 x 800 mm) column (Pharmacia) equilibrated
and eluted with 20 mM Tris-HCl buffer, pH 8.6 at 4°C, containing
50 mM NaCl and 3 mM NaN3. The column was maintained at 4°C,
and the samples were collected as 4 mL fractions. The UV absorbance of the eluate was measured at 254 and 280 nm with a
U-1100 Hitachi spectrophotometer. In each eluted fraction, the
heavy metal concentrations were also determined. The column was
calibrated for molecular weight estimations with Ovalbumine (43
kDa), Chymotrypsin (25 kDa), Ribonuclease (13.7 kDa), and Glucagon (3.5 kDa) as standard markers. We also used equine renal
metallothionein (13.4 kDa, Kojima et al. 1976) to identify the
fractions containing MTs.

Supernatant 3
Chromatography
20 ml.h-'

The concentrations of Ag, Cd, Co, Cu, Fe, Mn, Pb, and Zn are
shown in Figure 2. Among the analyzed metals Zn is the most
concentrated, reaching up to 600 |i,g.g_1 dwt, followed by Fe (424
± 142 u.g.g-1 dwt) and Cu (362 ± 114 ixg.g"1 dwt). All other
elements displayed far lower concentrations (i.e., ranging from 2.2
(xg.g-1 dwt) for Pb to 13.6 u,g.g-1 dwt for Cd.
Subcellular Distribution

Absorbance (254 and 280 run)
+
Metal analysis

Figure 1. Procedure of the subcellular fractionation of the digestive
gland of the cuttlefish Sepia officinalis from the Bay of Seine.

The partitioning of metals among the (1) nuclei and brown
bodies; (2) lysosomes and mitochondria; (3) microsomes; and (4)
soluble cytosolic fraction is presented in Table 2. Most of the Cd,
Co, and Cu were associated with hydrosoluble cytosolic com-
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TABLE 1.
Comparison of elemental concentrations (ug.g-1 dwt) of Orchard-Leaves standard, SRM 1571 (National Bureau of Standards) and fish flesh
homogenate, MA-A-2 (International Agency of Atomic Energy) obtained in present study with certified values.
Standard
Orchard Leaves
Present study
Certified values
MA-A-2
Present study
Certified values

Ag

Cd

Co

Cu

Fe

Mn

Pb

Zn

—
—

0.10 ±0.05
0.11 ±0.02

0.17 ±0.04
(0.2)

10 ± 1
12 ± 1

272 ± 14
300 ± 20

82 ± 7
91 ± 4

38 ± 2
45 ± 3

22 ± 6
25 ± 3

0.12 ±0.01
0.10 ±0.01

0.069 ± 0.008
0.066 ± 0.004

0.09 ± 0.04
0.08 ± 0.01

3.4 ±0.7
4.0 ±0.1

65 ± 5
54 ±1

0.62 ± 0.09
0.81 ±0.04

0.43 ±0.14
0.58 ± 0.07

35 ± 4
33 ± 1

(): recommended value
pounds whereas Ag, Fe, Mn, Pb, and Zn were mostly bound to the
organelles. Fe is mainly associated with the nuclei and brown
bodies (52%), and 44% of the total Ag is contained in the lysosomal and mitochondria enriched fraction. It is noteworthy that
Co, Cu, Pb, and Zn are equivalently distributed in each pellet
(Table 2).
Metal Associated With Proteins
Chromatographic Sephadex G-75 elution profiles of the absorbance at 254 and 280 nm obtained for cytosol from the digestive
gland of Sepia officinalis were used to determine the metal concentrations (mg.LT1) in the collected fractions containing the proteins separated by their molecular weight (Fig. 3). A first peak
centered on fraction 11 corresponds to the void volume (macromolecules larger than 70 kDa, such as hemocyanin), and a second
peak between fractions 40 and 44 indicates a particular richness in
small proteins and polypeptides (4 kDa and less). MTs used for
calibration fell in fraction 26 with an elevated 254/280 nm absorbance ratio (equal to 16). All metals were associated with high and
low molecular weight proteins (>70 kDa and lower than 4 kDa,
respectively) except Ag, which was not detectable in the small
protein fraction. Intermediate proteins ranging from 10-20 kDa did
not contain detectable amounts of Fe and Mn. Ag and Cu were the
only metals showing a peak in the fraction 26 region among those
expected to bind MTs (Ag, Cd, Cu, and Zn). Cd and Zn displayed
1000
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Figure 2. Levels of heavy metals (ug.g-1 dwt) in the digestive gland of
the cuttlefish Sepia officinalis from the Bay of Seine.

a very similar distribution with a major fraction associated with
high molecular weight proteins for both metals.
DISCUSSION
The metal concentrations measured in the digestive gland of
male adult cuttlefish from our study globally fell within the range
of values reported for Sepia officinalis from the English Channel
(Miramand & Bentley 1992), the Bay of Biscay (Schipp & Hevert
1978, Bustamante 1998, Bustamante et al. 1998), and the Mediterranean (Bustamante et al. 2002a). Although globally poorly
documented, metal concentrations in cephalopods have received
increasing interest as these molluscs play a major role as predators
and food items in marine ecosystems. The central role of the
digestive gland in metal bioaccumulation has been highlighted
many times, particularly for toxic metals such as Ag and Cd (e.g.,
Martin & Flegal 1975, Miramand & Bentley 1992, Bustamante et
al. 2002a, 2004), but the detoxification processes occurring in this
organ remain poorly understood (Bustamante et al. 2002b). Investigations on detoxification mechanisms have focused either on the
subcellular distribution of metals between cytosol and organelles
(Rocca 1969, Tanaka et al. 1983, Finger & Smith 1987, Bustamante et al. 2002b, Craig & Overnell 2003), the involvement of
hydrosoluble proteins in the binding of metals (see also Decleir et
al. 1978, Ueda et al. 1985, Castillo et al. 1990, Castillo & Maita
1991) or on the histochemical and microanalytical localization of
metals within the digestive gland cells (Schipp & Hevert 1978,
Martoja & Marcaillou 1993). Moreover, the subcellular distribution of metals mainly concerned Cd, Cu, and Zn (i.e., Rocca 1969,
Decleir et al. 1978, Tanaka et al. 1983, Ueda et al. 1985, Finger &
Smith 1987, Castillo et al. 1990, Castillo & Maita 1991, Bustamante et al. 2002b, Craig & Overnell 2003), but very limited
information is available for other elements. To the best of our
knowledge, the studies of Tanaka et al. (1983) and Finger & Smith
(1987) are the only ones providing data on other metals (i.e., Ag
and Fe and 210Po, respectively). The few studies on metal detoxification in cephalopods have considered various models like
cuttlefishes (Decleir et al. 1978, Schipp & Hevert 1978, Martoja &
Marcaillou 1993, Bustamante et al. 2002b), squids (Tanaka et al.
1983, Finger & Smith 1987, Castillo et al. 1990, Castillo & Maita
1991, Bustamante et al. 2002b), and octopuses (Rocca 1969, Ueda
et al. 1985, Bustamante et al. 2002b). Consequently, results are
often different between authors and sometimes contradictory.
Therefore, there is a need to provide more information on the
subcellular distribution of heavy metals in general and on poorly or
not yet studied elements, also highly concentrated in the digestive
gland of cephalopods. In this respect, our study provides the first
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TABLE 2.
Partition of the metals (%) among the different separated fractions from the digestive gland homogenates of the common cuttlefish
Sepia officinalis.
Fractions

Ag

Cd

Co

Cu

Fe

Nuclei and brown bodies
Lyosomes and mitochondria
Microsomes
Total organelles
Cytosol

19 ± 3
44±3
13 + 4
76 ± 10
24 ±2

14 ± 8
11±4
23 ± 5
48 ±17
52 ± 9

11 ± 6
13±1
12 ± 3
36+ 10
64 ± 9

13 ± 9
12 + 2
19 ± 4
44 ± 15
56 ± 9

52 ± 3
30 + 5
14 ± 2
96 ± 10
4+1

insight about the subcellular distribution of Co, Mn, and Pb in
cephalopods.
Our study of metal distribution between the insoluble (membranes and organelles) and soluble (cytosol) fractions of the digestive gland leads to the conclusion that metals can be separated
between those mainly associated with the hydrosoluble compounds Cd, Co, and Cu and those mainly associated with the
organelles Ag, Fe, Mn, Pb, and Zn. This shift does not therefore
correspond to the essential or non-essential character of the metals
but rather to the result of specific regulation/detoxification processes.
As already mentioned, the scarce information on the subcellular
distribution of trace elements in cephalopods put forward that 50%
to 90% of the Cd is usually found in the soluble fraction of the
digestive gland of cephalopod from the field (Finger & Smith
1987, Castillo et al. 1990, Bustamante et al. 2002b), even if the
squid Todarodes pacificus does not follow this trend with only
26% ± 3% of the metal being present under a soluble form (Tanaka
et al. 1983). Our results for S. officinalis are consistent with this

120
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general trend (Table 2), suggesting the presence of mechanisms of
detoxification of Cd involving soluble proteins. The presence of
Cd detoxification mechanisms involving MTs was suspected when
considering the chromatograms of metalloproteins from the digestive gland of the squids Nototodarus gouldi, Todarodes pacificus,
and Ommastrephes bartrami from the Pacific Ocean (Tanaka et al.
1983, Finger & Smith 1987, Castillo & Maita 1991). Later, these
proteins were quantified in various cephalopod species from the
Northern Atlantic Ocean (Bustamante et al. 2002b). In S. officinalis from our study, cytosolic Cd was mainly associated with high
molecular weight proteins, and MTs seem to have a minor role in
the binding of this metal (Fig. 3). This result is in accordance with
previous reported data for other cephalopod species. For example,
most of the cytosolic Cd in the digestive gland of the squids T.
pacificus and Onychoteuthis borealojaponica was bound to proteins weighing more than 70 kDa (Tanaka et al. 1983, Castillo et
al. 1990). Only a small part of the soluble Cd was bound to low
molecular weight proteins (<3 kDa) or to proteins of similar size to
MT (10 kDa to 16 kDa). Moreover, Finger & Smith (1987) have
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Figure 3. Metal profiles (ug.L *) after Sephadex G-75 gel chromatography of the cytosolic fractions of Sepia officinalis digestive gland.
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also reported the occurrence of Cd-binding proteins with a high
molecular weight (>70 kDa) in the digestive gland of the squid N.
gouldi.
Similarly to Cd, Cu has been mainly found in the cytosol of the
digestive gland cells of the squids N. gouldi (78 ± 10%, Finger &
Smith 1987) and T. pacificus (63 ± 5%, Tanaka et al. 1983) but
poorly associated with hydrosoluble compounds in the squid Loligo forbesi (35%, Craig & Overaell 2003) and in the octopus
Octopus vulgaris (28 ± 17%, Rocca 1969). The presence of high
Cu concentrations in the digestive gland cells of 5. officinalis has
been revealed histochemically in specific structures called "spherules" (Martoja & Marcaillou 1993). These authors suggested that
these metal-rich spherules would be made of complexed metallothionein-like proteins and would explain the high concentrations
of Cu within the digestive gland. However, the presence of such
structures has not been confirmed by other studies (BoucaudCamou & Boucher-Rodoni 1983), and our results are not in accordance with such a hypothesis. Because of their size (i.e., several
u,m), such structures would be expected to sedimentate in the first
or the second pellet fraction, containing in fact a low proportion of
the total Cu (Table 2). In S. officinalis Cu was mainly cytosolic, a
main pool corresponding to high weight proteins that might contain hemocyanin molecules (Taylor & Anstiss 1999). However, Cu
also appears to be bound to MT proteins, and to a lower extent,
small size proteins and peptides (Fig. 3).
To the best of our knowledge, no data on Co subcellular distribution in the digestive gland of cephalopod have been published
to date. In S. officinalis, 64% of this metal was associated with the
cytosolic fraction, which is similar to the results reported for the
Bivalves Chlamys varia (76%), Gafrarium tumidum (79%), and
Isognomon isognomon (65%) in their digestive glands (Bustamante & Miramand 2005, Metian et al. 2005). Low molecular
weight proteins seem to have a major importance in binding Co
(Fig. 3). This result is consistent with those of Nakahara et al.
(1982) for O. vulgaris exposed to 60Co by way of seawater, where
the proteins involved in the binding of the radionuclide weighed
less than 3kDa.
The predominant distribution of Ag in the insoluble fraction
(viz- the noncytosolic fractions) could be caused by specific Ag
storage/detoxification in the digestive gland. In various bivalves,
Ag is trapped as nontoxic Ag2S precipitates within their tissues
(Ballan-Dufrancais et al. 1985, Martoja et al. 1989, Berthet et al.
1990, 1992) and is mainly found associated with the organelle
subcellular fraction (e.g., Bustamante & Miramand 2005). This
mechanism of sequestration would therefore inhibit the potentially
deleterious effects of the toxic Ag, which is highly accumulated in
the digestive gland of cephalopods (Martin & Flegal 1975, Miramand & Bentley, 1992). Specifically, the lysosomal and mitochondrial fraction appears to play a major role in the binding of Ag
(Table 2). Our results concerning Ag are opposite to those of
Tanaka et al. (1983) for the squid T. pacificus for which 64 ±4%
of the metal was reported to be soluble and associated with small
proteins (<3kDa). The reasons of such a totally contrary result are
difficult to identify because various biological and environmental
factors could modify the subcellular distribution of a single metal
within a group or a species, such as the phylogeny, the main
pathway of incorporation (seawater vs. food), the level of the metal
accumulated, etc (e.g., Ueda et al. 1985, Bustamante et al. 2002b).
This clearly points out the need to give light on the issue of Ag
subcellular distribution using a wide range of cephalopod species
and controlled experimental conditions. Within the cytosolic frac-
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tion, Ag was mainly bound to high molecular weight proteins and
to a lower extent to MTs.
Similarly to Ag, Pb has no biological functions. In the digestive
gland of S. officinalis, most of this metal was found in the organelles (62%). In the digestive gland of the scallop C. varia, Pb
was also mainly bound to organelles (i.e., 66% of the total metal
burden [Bustamante & Miramand 2005]). Similarly, in Mytilus
galloprovincialis and Modiolus modiolus, Pb was mainly associated with the fraction containing nuclei, cellular debris, and insoluble salts (Julshamm & Andersen 1983, Regoli & Orlando
1994). In these Bivalves, Pb is accumulated by endocytosis and
precipitate as sulphur or phosphate salts inside the digestive cells
(Coombs & George 1978) as well as in the extracellular compartments (Schulz-Baldes 1978). Lysosomes are deeply involved in
the detoxification of Pb and lead to the formation of Pb salts
representing the final stage of the lysosomal detoxification process
(Simkiss 1977). In 5. officinalis no specific affinity among the
different fractions has been shown (Table 2), suggesting that such
a detoxification process is relatively limited, likely to be caused by
low Pb concentrations found in this species.
The subcellular distribution of Fe in S. officinalis with 96% of
the metal being bound to organelles, can only be compared with
the 86% reported for T. pacificus (Tanaka et al. 1983). However,
the distribution among the organelle fraction is clearly different as
in the cuttlefish 52% was bound to the nuclei fraction whereas in
the squid, 42% was bound to the microsome fraction. In Bivalves
such as mussels or clams, Fe is also primarily associated with the
nuclei fraction (Julshamm & Andersen 1983, Sullivan et al. 1988,
Regoli & Orlando 1994). In these molluscs, Mn has a similar
subcellular distribution as Fe, which is actually not the case for
cephalopods (Table 2). This difference in the distribution of Fe and
Mn between the organelles could be caused by the difference in the
diet between carnivorous cephalopods and suspending or deposit
feeder Bivalves. Indeed, Bivalves could ingest suspended/
deposited material enriched in Fe and Mn hydroxide particules
(e.g., Bryan & Uysal 1978). Within the cytosolic fraction, Mn and
Fe are the only elements not associated with MTs (Fig. 3).
CONCLUSION
The subcellular distribution of heavy metals clearly varies depending on the considered element. For essential and toxic metals,
the sequestration in either the organelles or the cytosolic proteins
could lead to specific accumulation. In this context, it is particularly striking that the different detoxification mechanisms for toxic
Ag (mainly insoluble) and Cd (largely soluble) lead to their bioaccumulation at relatively high concentrations in the digestive
gland of S. officinalis. In our conditions, a direct relationship between cytosolic metal and MT could only be established for Ag
and Cu, whereas Cd and Zn seem to mainly bind high (>70 kDa)
and low (<4 kDa) molecular weight proteins. Further studies
should focus on the induction of MTs by the different metals
inducing it synthesis in other invertebrates (i.e., Ag, Cd, Cu, Hg,
and Zn) in controlled conditions to determine the dynamic of the
detoxification processes in cephalopods.
ACKNOWLEDGMENTS
The authors thank the captain and the crew of the research
vessel "Cote de Normandie" who collected the cuttlefish.

992

BUSTAMANTE ET AL.
LITERATURE CITED

Amaratunga, T. 1983. The role of cephalopods in the marine ecosystem. In:
I. F. Caddy, editor. Advances in assessment of world cephalopod resources. FAO Fisheries Technical Paper No. 231. pp. 379-415.
Ballan-Dufrancais, C , A. Y. Jeantet, C. Feghali & S. Halpern. 1985. Physiological features of heavy metal storage in bivalve digestive cells and
amoebocytes: EPMA and factor analysis of correspondences. Biol. Cell
53:283-292.
Berthet, B., C. Amiard-Triquet & R. Martoja. 1990. Effets chimiques et
histologiques de la decontamination de l'huftre Crassostrea gigas
Thunberg prealablement exposed a l'argent. Water Air Soil Pollut.
50:355-369.
Berthet, B., J.-C. Amiard, C. Amiard-Triquet, R. Martoja & A. Y. Jeantet.
1992. Bioaccumulation, toxicity and physico-chemical speciation of
silver in bivalve mollusks: ecotoxicological and health consequences.
Sci. Total Environ. 125:97-122.
Boucaud-Camou, E. 1976. Structure et fonction de la glande digestive
("foie") de la Seiche, Sepia officinalis L. (Mollusque, Cephalopode).
Bull. Soc. Zool. France 101:887.
Boucaud-Camou, E. & M. Yim. 1980. Fine structure and function of the
digestive cell of Sepia officinalis (Mollusca: Cephalopoda). J. Zool.
191:89-105.
Boucaud-Camou, E. & R. Boucher-Rodoni. 1983. Feeding and digestion in
Cephalopods. In: A. S. M. Saleuddin & K. M. Wilbur, editors. The
Mollusca, Vol. 5. Physiology, Part 2. New York and London: Academic Press, pp 149-187.
Bryan, G. W. & H. Uysal. 1978. Heavy metals in the burrowing bivalve
Scrobicularia plana from the Tamar estuary in relation to environmental levels. J. Mar. Biol. Assoc. UK. 58:89-108.
Bustamante, P. 1998. Etude des processus de bioaccumulation et de detoxication d'elements traces (metaux lourds et terres rares) chez les
mollusques cephalopodes et bivalves pectinides. Implication de leur
biodisponibilite pour le transfert vers les predateurs. PhD thesis, University of La Rochelle, France.
Bustamante, P., F. Caurant, S. W. Fowler & P. Miramand. 1998. Cephalopods as a vector for the transfer of cadmium to top marine predators
in the north-east Atlantic Ocean. Sci. Total Environ. 220:71-80.
Bustamante, P., S. Grigioni, R. Boucher-Rodoni, F. Caurant & P. Miramand. 2000. Bioaccumulation of 12 trace elements in the tissues of the
nautilus Nautilus macromphalus from New-Caledonia. Mar. Pollut.
Bull. 40(8):688-696.
Bustamante, P., J. L. Teyssie, S. W. Fowler, O. Cotret, B. Danis, P. Miramand & M. Warnau. 2002a. Biokinetics of zinc and cadmium accumulation and depuration at different stages in the life cycle of the
cuttlefish Sepia officinalis. Mar. Ecol. Prog. Ser. 231:167-177.
Bustamante, P., R. P. Cosson, I. Gallien, F. Caurant & P. Miramand.
2002b. Cadmium detoxification processes in the digestive gland of
cephalopods in relation to accumulated cadmium concentrations. Mar.
Environ. Res. 53:227-241.
Bustamante, P., J. L. Teyssie, B. Danis, S. W. Fowler, P. Miramand, O.
Cotret & M. Warnau. 2004. Uptake, transfer and distribution of silver
and cobalt in tissues of the common cuttlefish Sepia officinalis at
different stages of its life cycle. Mar. Ecol. Prog. Ser. 269:185-195.
Bustamante, P. & P. Miramand. 2005. Subcellular and body distributions
of 17 trace elements in the variegated scallop Chlamys varia from the
Charente-Maritime coast (Bay of Biscay, France). Sci. Total Environ.
337:59-79.
Bustamante, P., J. L. Teyssie, S. W. Fowler & M. Warnau. 2006. Assessment of the exposure pathways in the uptake and distribution of
americium and cesium in cuttlefish (Sepia officinalis) at different
stages of its life cycle. J. Exp. Mar. Biol. Ecol. 331:198-207.
Castillo, L. V., S. Kawaguchi & Y. Maita. 1990. Evidence for the presence
of heavy metal binding proteins in the squid, Onychoteuthis borealijaponica. In: R. Hirano & I. Hanyu, editors. The Second Asian Fisheries Forum. Manila: Asian Fish. Soc. 991 pp.
Castillo, L. V. & Y. Maita. 1991. Isolation and partial characterisation of

cadmium binding proteins from the oceanic squid, Ommastrephes bartrami. Bull. Fac. Fish. Hokkaido Univ. 42:26-34.
Clarke, M. R. 1996. Cephalopods as prey. III. Cetaceans. Phil. Trans.
Royal Soc. London Ser. B 351:1053-1065.
Coombs, T. L. & S. G. George. 1978. Mechanisms of immobilisation and
detoxification of metals in marine organisms. In: D. S. McLusky &
A. J. Berry, editors. Physiology and behaviour of marine organisms,
Proceeding of the 12th European Symposium on Marine Biology. Oxford: Stirling, Pergammon Press, pp 179-187.
Cosson, R. P., C. Amiard-Triquet & J. C. Amiard. 1991. Metallothioneins
and detoxification. Is the use of detoxification proteins for MTs a
language abuse? Water Air Soil Pollut. 57/58:555-567.
Craig, S. & J. Overnell. 2003. Metals in squid, Loligo forbesi, adults, eggs
and hatchlings. No evidence for a role for Cu- or Zn-metallothionein.
Comp. Biochem. Physiol. C 134:311-317.
Croxall, J. P. & P. A. Prince. 1996. Cephalopods as prey. /. Seabirds. Phil.
Trans. Royal Soc. London Ser. B 351:1023-1043.
Dallinger, R. 1993. Strategies of metal detoxification in terrestrial invertebrates: synopsis and perspectives. Comp. Biochem. Physiol. 113C:
125-133.
Dallinger, R. 1995. Mechanims of metal incorporation into cells. In: M. P.
Cajaraville, editor. Cell biology in environmental toxicology. Bilbo:
University of the Basque Country Press Service. 135-154
Decleir, W., A. Vlaeminck, P. Geladi & R. Van Grieken. 1978. Determination of protein-bound copper and zinc in some organs of the cuttlefish Sepia officinalis L. Comp. Biochem. Physiol. 60B: 347-350.
Durand, J. P., F. Goudard, C. Barbot, J. Pieri, S. W. Fowler & O. Cotret.
2002. Ferritin and hemocyanin: 210Po molecular traps in marine fish,
oyster and lobster. Mar. Ecol. Prog. Ser. 233:199-205.
Engel, D. W. & M. Brouwer. 1989. Metallothionein and metallothioneinlike proteins: physiological importance. Adv. Comp. Environ. Physiol.
5:54-75.
Finger, J. M. & J. D. Smith. 1987. Molecular association of Cu, Zn, Cd and
210
Po in the digestive gland of the squid Nototodarus gouldi. Mar. Biol.
95:87-91.
George, S. G. & P. E. Olsson. 1994. Metallothioneins as indicators of trace
metal pollution. In: K. i. M. Kramer, editor. Biomonitoring of Coastal
Waters Estuaries. Boca Raton: RC Press Inc. pp. 151-171.
Julshamm, K. & K. J. Andersen. 1983. Subcellular distribution of major
and minor elements in unexposed molluscs in Western Norway. III.
The distribution and binding of cadmium, zinc, copper, magnesium,
manganese, iron and lead in the kidney and the digestive system of the
horse mussel Modiolus modiolus. Comp. Biochem. Physiol. 75A:1720.
Kojima, Y., C. Berger, B. L. Vallee & J. H. R. Kagi. 1976. Amino-acid
sequence of equine renal metallothionein-IB. Proc. Natl. Acad. USA
73. pp. 3413-3417.
Klages, N. T. W. 1996. Cephalopods as prey. II. Seals. Philos. Trans.
Royal Soc. London Ser. 351:1045-1052.
Lowry, O. H., N. J. Rosebrough, A. L. Farr & R. J. Randall. 1951. Protein
measurement with the folin phenol reagent. J. Biol. Chem. 193:265275.
Martin, J. H. & A. R. Flegal. 1975. High copper concentrations in squid
livers in association with elevated levels of silver, cadmium, and zinc.
Mar. Biol. 30:51-55.
Martoja, M., M. Truchet & B. Berthet. 1989. Effets de la contamination
experimental par l'argent chez Chlamys varia L. (Bivalve Pectinid6).
Donnfies quantitatives, histologiques et microanalytiques. Ann. Inst.
Oceanogr. 65:1-13.
Martoja, M. & C. Marcaillou. 1993. Localisation cytologique du cuivre et
de quelques autres metaux dans la glande digestive de la seiche, Sepia
officinalis L. (Mollusque Cephalopode). Can. J. Fish. Aquat. Sci. 50:
542-550.
Metian, M., L. Hedouin, C. Barbot, O. Cotret, J.-L. Teyssie, S. W. Fowler,
F. Goudard, J. P. Durand, P. Bustamante & M. Warnau. 2005. Subcel-

SUBCELLULAR DISTRIBUTION OF METALS IN S. OFFICINALIS
lular partitioning of heavy metals in gills and visceral mass of bivalves
from the New Caledonian lagoon. Bull. Environ. Contam. Toxicol.
75(l):89-93.
Miramand, P. & J. C. Guary. 1980. High concentrations of some heavy
metals in tissues of the Mediterranean octopus. Bull Environ. Contam.
Toxicol. 24:783-788.
Miramand, P. & D. Bentley. 1992. Concentration and distribution of heavy
metals in tissues of two cephalopods, Eledone cirrhosa and Sepia officinalis, from the French coast of the English Channel. Mar. Biol.
114:407-414.
Miramand, P., P. Bustamante, D. Bentley & N. Kou6ta. 2006. Variation of
heavy metal concentrations (Ag, Cd, Co, Cu, Fe, Pb, V, Zn) during the
life cycle of the common cuttlefish Sepia officinalis. Set Total Environ.
361:132-143.
Nakahara, M„ T. Koyanagi, T. Ueda & C. Shimizu. 1982. Uptake and
excretion of cobalt-60 taken up from seawater by Octopus vulgaris.
Nippon Suisan Gakkai Shi 48:1739-1744.
Phillips, D. J. H. & P. S. Rainbow. 1989. Strategies of metal sequestration
in aquatic organisms. Mar. Environ. Res. 28:207-210.
Regoli, F. & E. Orlando. 1994. Accumulation and subcellular distribution
of metals (Cu, Fe, Mn, Pb and Zn) in the Mediterranean mussel Mytilus
galloprovincialis during a field transplant experiment. Mar. Pollut.
Bull. 26:592-600.
Rocca, E. 1969. Copper distribution in Octopus vulgaris Lam hepatopancreas. Comp. Biochem. Physiol. 28:67-82.
Rodhouse, P. G. 1989. Antarctic cephalopods—a living marine resource?
Ambio 18:56-59.
Roesijadi, G. 1992. Metallothionein in metal regulation and toxicity in
aquatic animals. Aquat. Toxicol. 22:81-114.
Roesijadi, G. 1996. Metallothionein and its role in toxic metal regulation.
Comp. Biochem. Physiol. 113C: 117-123.
Schulz-Baldes, M. 1978. Lead transport in the common mussel Mytilus
edulis. In: D. S. McLusky & A. J. Berry, editors. Physiology and
behaviour of marine organisms. Proceeding of the 12th European marine biology symposium. New York: Pergamon Press, pp. 211-218

993

Schipp, R. & F. Hevert. 1978. Distribution of copper and iron in some
central organs of Sepia officinalis (Cephalopoda). A comparative study
by flamless atomic absorption and electron microscopy. Mar. Biol.
47:391-399.
Simkiss, K. 1977. Biomineralisation and detoxification. Calcif. Tissue Res.
24:199-200.
Simkiss, K. & M. G. Taylor. 1982. Metal detoxification and bioaccumulation in molluscs. Mar. Biol. Lett. 3:187-201.
Smale, M. J. 1996. Cephalopods as prey. IV. Fishes. Philos. Trans. Royal
Soc. London Ser. B 351:1067-1081.
Smith, J. D„ L. Plues, M. Heyraud & R. D. Cherry. 1984. Concentrations
of the elements Ag, Al, Ca, Cd, Cu, Fe, Mg, Pb and Zn, and the
radionuclides 210Pb and 210Po in the digestive gland of the squid
Nototodarus gouldi. Mar. Environ. Res. 13:55-68.
Sullivan, P. A., W. E. Robinson & M. P. Morse. 1988. Subcellular distribution of metals within the kidney of the bivalve Mercenaria mercenaria (L.). Comp. Biochem. Physiol. 91C:589-595.
Tanaka, T., Y. Hayashi & M. Ishizawa. 1983. Subcellular distribution and
binding of heavy metals in the untreated liver of the squid; comparison
with data from the livers of cadmium and silver exposed rats. Experientia 39:746-748.
Taylor, H. H. & J. M. Anstiss. 1999. Copper and haemocyanin dynamics
in aquatic invertebrates. J. Mar. Freshwat. Res. 50:907-931.
Ueda, T., M. Nakahara, R. Nakamura, Y. Suzuki & C. Shimizu. 1985.
Accumulation of 65Zn by Octopus Octopus vulgaris. J. Radioact. Res.
26:313-320.
Ueki, T., T. Adachi, S. Kawano, M. Aoshima, N. Yamaguchi, K. Kanamori
& H. Michibata. 2003. Vanadium-binding proteins (vanabins) from a
vanadium-rich ascidian Ascidia sydneiensis samea. Biochim. Biophys.
Acta 1626:43-50.
Viarengo, A. & J. A. Nott. 1993. Mini-review. Mechanisms of heavy metal
cation homeostasis in marine invertebrates. Comp. Biochem. Physiol.
104C355-372.

