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ABSTRACT: Several microanalytical techniques were used to assess the distribution and chemical form 
of chromium in various tissues of Mytjlus edulls, at the cellular and subcellular levels After 2 wk 
exposure to Cr (111) salt (Cr occurs principally in the trivalent state in the natural environment), 
investigations were performed on mussels, using secondary ion mass spectrometry (ion microscope and 
ion microprobe) associated with photon microscope, and X-ray spectrometry (electron microprobe) 
associated with transmission electron miscroscope. Cr measurements gave the following: kidney and 
gills exhibited the highest values, intermediate values were found for muscle and byssus (where Cr was 
adsorbed onto the threads and was incorporated within them), and lowest values were found in the 
digestive gland. Cr was also detected in the amoebocytes but not in the reproductive cells. The target 
organelle of Cr accumulation was shown to be the lysosome where the metal was associated with 
phosphorus and sulfur and trapped in an insoluble form. The significance of these different data is 
discussed. Cr kinetics of metabolism was compared between mussels and other aq.uatic organisms. 
Comparison in M. edulis of Cr metabolism with metabolism of other metals leads to the conclusion that 
Cr is metabolised and transported differently from most toxic metals. 

INTRODUCTION 

Chromium (Cr) is one of the few elements of the 
periodic table which can affect mankind in all of the 
following 3 ways: (1) as an important material used in 
technology; (2) as a toxicant in food chains and to man, 
the final consumer, due to anthropogenic activity or to 
natural sources in the environment; and (3) as an 
essential component for biological and physiological 
functions such as the maintenance of normal glucose 
tolerance (Mertz 1969). Worldwide inventories of 
industrial discharges of Cr into the aquatic ecosystem 
show that anthropogenic input of Cr reaches a median 
value of about 142 000 tonne yr-l in comparison with 
138 000 tonne yr-l for lead (Nriagu & Pacyna 1988). 

Valence state, chemical form, or exposure levels 
have to be  taken into account when studying its toxic- 
ity. Cr occurs in the natural environment almost exclu- 
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sively in the trivalent state and its concentration in 
seawater ranges between 0.3 and 0.6 ppb (Riley & 

Chester 1971). Because of the high energy required 
for oxidation to the hexavalent form, the latter is 
always a product of man's activity. Hexavalent com- 
pounds will ultimately be reduced to the trivalent state 
which is the biologically active state, whereas hexava- 
lent Cr is much more toxic. Cr compounds differ 
greatly in their ability to penetrate cellular membra- 
nes. Cr may b e  found in living organisms only in 
bound form (Gunter et  al. 1974). Only trivalent Cr 
forms complexes with proteins, and biological activity 
occurs only after reduction of hexavalent Cr to the 
trivalent form (Schwartz & Mertz 1959). When Cr V1 
enters the organism in ionic form, it is distributed in 
the same form anlong the organs and tissues where it 
is then reduced to the trivalent form and remains 
firmly bound. 
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The ability of marine organisms to accumulate Cr 
substantially in excess of ambient seawater levels is 
well documented (Fukai & Broquet 1965). The avail- 
able data are of particular interest concerning filter- 
feeding bivalves which are well known for their ability 
to reflect environmental levels of trace metal con- 
taminants in marine ecosystems. It is established that 
the mussel ~kfy t i lus  edulis can concentrate metals 
(Bryan 1980) and various governmental agenci.es have 
adopted this species as a bioindicator of heavy metal 
pollution. M. edulis has several characteristics of a 
good indicator species, including the ability to accumu- 
late high metal concentrations without dying, a seden- 
tary way of life, high numerical abundance and an  
ability to adapt to laboratory conditions. The available 
daid on Cr concentration in marine organisms snows 
large variability, particularly in Wl. edulis: measure- 
ments on whole soft tissues range between 0.3 and 49 
ppm (dry weight) (Karbe et  al. 1977, Lande 1977). Five 
species of bivalves from Greek waters were shown to 
contain between 16 000 and  260 000 times more Cr 
than seawater (Papadopoulu 1973). 

Available data concerning Cr kinetics of concen- 
tration in mussels generally consider soft parts in total- 
ity and do not consider each organ separately (Schulz- 
Baldes e t  al. 1983). Tissues are intermingled and on the 
same histological section of a mussel, one can com- 
monly observe mantle, digestive and reproductive 
cells. Consequently, there is a need for investigations 
to be  performed at the cell and organelle levels to 
obtain a more precise knowledge of Cr metabolism in 
the mussel. 

Cr salts are active at low concentrations and are 
toxic to fish, for example at a 0.1 ppm dose (Str1.k et al. 
1975). Thus, investigations on this metal require spe- 
cially equipped laboratories with very sensitive ana- 
lytical instrumentation. Analytical methods commonly 
used are inadequate: absorbed and unabsorbed ele- 
ments cannot be  distinguished and generally large 
quantities of biological material are needed, as well as 
long-term investigations. The available micro-analyti- 
cal techniques are more suitable (Chassard-Bouchaud 
1987). Secondary ion mass spectrometry (SIMS) and 
X-ray spectrometry enable simultaneous morphologi- 
cal and chemical identifications to be made in his- 
tological sections. Although X-ray microanalysis is the 
most often used method, many biological problems 
cannot be solved because of its relatively low sensitiv- 
ity and inability to detect very light elements, but an 
advantage is that observations at the ultrastructural 
level are possible. The main advantage of SIMS as 
applled in biological research is its very high sensit~v- 
ity, of the order of 1000 to 10 000 times that of the 
electron microprobe. Moreover, it is possible to obtain 
images representing the distribution of all the ele- 

ments of the periodic table, even when the concen- 
tration is very low ( S  0.1 !(g g - l ) ,  and to obtain 
isotopic measurements. In addition, digital processing 
of images associated with secondary ion microscopy 
has been recently developed (Cavellier et al. 1988); 
this post-acquisition image processing allows image 
enhancement or reconstruct~on, as well as multi-image 
correlation. 

We were able to demonstrate that these microanalyt- 
ical techniques are particularly useful for investigations 
in marine toxicology (Chassard-Bouchaud 1988). We 
obtalned preliminary data on cellular and subcellular 
aspects of Cr concentration by the mussel Mytilus 
edulis (Chassard-Bouchaud & Galle 1988). The pur- 
pose of this report is to present more extensive results 
on the u p t a ~ e ,  distribution and ioss of thls metai, In the 
same species, at  the structural and ultrastructural 
levels. Since Cr occurs in the natural environment, 
principally in the trivalent state, it seemed of interest to 
investigate its possible cytotoxicity. 

MATERIALS AND METHODS 

Biological material. Mature specimens of Mytilus 
edulis (L.) with a size range of 40 to 50 mm were 
collected from coastal waters of Brittany (Roscoff, 
France). Ten groups of 4 mussels were kept in aquaria 
with 4 1 of aerated sea water (36%0 salinity) at 12°C. 
Mussels were exposed to chromium chloride (CrC13) at 
a concentration of 10 mg 1-' for 2 wk. During the 
expenments, both the water and the m.eta1 were 
changed daily. The mussels were then dissected to 
separate the different tissues, which then underwent 
several treatments depending on the microanalytical 
technique to be used. 

For SIMS, tissues were fixed chemically in Carnoy's 
fixative, embedded in paraffin, cut to sections (5 pm) 
and deposited on a highly pure gold specimen holder, 
with removal of paraffin. Alternatively, cryofixation 
was performed with isopropane and then liquid nitro- 
gen, and sections were deposited on the gold specimen 
holder. Results obtained using this second technique 
were similar to those obtained with the first one, but 
images were much better from chemically fixed samp- 
les due to flatness of the sections. 

For X-ray spectrometry, samples were fixed in 2.5 % 
glutaraldehyde in 0.2 M sodium dimethylarsinate 
buffer at pH 7.0. After washing with the buffer, the 
samples were dehydrated and embedded in Epon. 
Ultrathin sections were then deposited on copper grids 
and coated with carbon. Grids to be obsened in elec- 
tron microscopy were stained (uranyl acetate and lead 
citrate) while grids to be examined with the electron 
microprobe were unstained. 
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Cryofixation and both chemical fixations were made mission electron microscopy. Sin~ultaneously, metal 
on each tissue of the 40 samples. analyses of each tissue were performed at the structural 

The gills, labial palps, digestive gland, kidney, byssal level, using secondary ion mass spectrometry (ion 
threads, muscle and gonads of control and Cr-exposed microscope and ion microprobes) and at the ultra- 
Mytilus eduhs were examined by photon and by trans- structural level, using X-ray spectrometry (electron 

microprobe) 
Instrumentation. Electron microscopy: A Phllips EM 

300 transmission electron microscope was used to 
study the ultrastructural morphology of tissue sections. 

Secondary ion mass spectrometry: SIMS was per- 
formed, using the ion microscope and ion microprobes. 

Ion microscope. The ion microscope (CAMECA IMS 
300) was equipped with an electrostatic deflector, with 

Fig 2. Mytilus eduhs. Cr-eaPused gill. Ion microscope micro- 
qraph of a semithin cross section of filaments. (A) "Ca. lmaae - .  , . < 

Fig. l A4ytilu edulls. Cr-exposed gill Photon micrograph of showing topography of the section, X 800. (B) " ~ r -  Image 
semithin cross-sections of filaments; ec: endothelial cells. obtained from the same area as  (A)  showlng the high Cr 
Interfilament spaces are invaded by granular amoebocytes (a) ;  emission (arrotvs). Bright small points correspond to 

X 800 lysosomes, X 800 

Fig. 3. A4jit1lus eduhs. Cr-exposed gill. 
Ion microprobe spectrum showing the 4 
stable isotopes of chromium (*)  at the 
masses: 50 (4.31 Yo), 52 (major isotope 
83.76%),  53 (9 55%)  and 54 (2.38%) 
Note the presence of titanium isotopes 
( 0 )  and qallium isotopes. 69 (60.40 %) 
and 71 (39.60'/0)  due^ to liquid gallium 

pnmary ion source 
6 0 70 

M a s s  [ a r n u l  
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02+ as primary ions. The images of the distribution of focused beams from a liquid metal ion source (Ga), it is 
the secondary ions were obtained dlrectly with appro- possible to routinely obtain topographic and elemental 
priate ion optics. Ion microscopy imaging, giving Cr image resolution well below 0.1 pm, with a high sen- 
distribution in the tissue sections, was performed by a sitivity. 
beam of uniform density bombarding a large area (250 X-ray spectrometry: A CAMEBAX microprobe, 
pm) with a spatial resolution of 0.5 pm. The analytical associated with a transmission electron microscope, 
conditions were previously described (Chassard- 
Bouchaud & Galle 1988). High resolution mass spectra 
were obtained at mass 52 (Cr major isotope), in order to 
make the distinction between 52Cr+ ion and  polyatomic 
ions (principally CaC: 40 + 12). 

Ion microprobes. Two types of instruments were ' .S 
used. ' , 7 a  

A RIBER MIQ 256 ion microprobe (Outrequin et  al. h. 
1988) with its associated equipment including a pollu- 
tion-free ultrahigh vacuum system, was used with 2 
different ion sources: liquid metal gallium was the 
primary ion for the study of positive secondary ions 
and cesium the primary ion for the study of negative 
secondary ions. Secondary ions were examined with a 
high-sensitivity quadrupole mass spectrometer. The 
surface of the specimen was scanned by a focused 
primary ion beam to obtain images: a point to point 
image of the ion-emitting spot was obtained with a 
spatial resolution defined by the size of the probe (0.2 
to 2 pm). 

A 40-60 keV SIM (Scanning Ion Microprobe) (UC- 
HRL-SIM) was developed by the University of Chicago, 
in collaboration with the Hughes Research Labo- 
ratories (Levi-Setti et al. 1988). This instrument allows 
demonstration of topographic and elemental imaging 
with lateral resolution attaining 20 nm. Using finely 

1 
I C a C  

Fig. 4.  hlytilus edulis. Cr-exposed gill. lon microscope spec- 
trum. High mass resolution at 52' showing presence of Cr and 
a small contribution of polyatomic ions CaC. I: intensity 

(amperes); M: mass 

Fig. 5. Mytjlus eduljs. Cr-exposed gill. Ion microprobe micro- 
graphs ot semithin section of filament. (A) 26CN- image show- 
ing the topography of the section: epithelial cells (ec) with 
nuclei (n), microv~lli (m)  and cilia ( c ) .  Note the presence of 
haernocyte (h) In the branchial vein (bv);  X 2000. (B) ''Cr' 
Image obtained from the same area as (A), showing the hlgh 
chromium emission from points which correspond to 

lysosomes (arrows) of the epithelia] cells; x 2000 
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was used to identify elements within ultrathin sections. 
It was equipped with 2 wavelength-dispersive spec- 
trometers fitted with the following crystals: T:\P, 
ODPB, PET and LIF. The following operating condi- 
tions were used: 20 kV accelerating voltage, 100 nA 
probe current, 50 nm probe diameter 

In addition, we estimated the relative metal concen- 
tration in the intracellular organelles, by determining 
the number of counts from the K, line of Cr, phosphorus 
(P) and sulfur (S), over 50 S. Counts on 20 organelles of 
10 individuals were used to obtain the mean of each 
measurement. The background was determined by 
shifting the spectrometer to both sides of the line. 

Post-acquisition image processing: A NUMELEC 
PERICOLOR 2001 was used for multi-image correla- 
tion. This instrument, a multiprocessor and multibus 
system equipped with high capacity memories, was 
used in association with the ion microscope CAMECA 
IMS 300 and a NOCTICON camera (LHESA Electroni- 
que). This camera was fitted to the ion microscope, to 
film the fluorescent screen through the viewing win- 
dow, using a luminous (f/2.2) 100 mm objective 
mounted between 2 telescopic tubes which allows 
adjustment of focus and magnification and thus main- 
tains microscope resolution. 

RESULTS 

Gills 

A photon micrograph (Fig. 1) shows abfrontal ends 
from 2 opposite lamellae of Cr-exposed samples. Inter- 
filament spaces were invaded by amoebocytes. Atro- 
phy and deformation of cells were observed. 

Ion micrographs, using the ion microscope, were 
obtained from the same semi-thin sections of Cr- 
treated filaments shown in Fig. 1. They show the cal- 
cium distribution (Fig. 2A) which gives the topography 
of the section and the Cr distribution (Fig. 2B) from the 
same area of tissue. Low resolution mass spectra (Fig. 
3) were obtained from these Cr-exposed gill sections 
and all stable isotopes of Cr were identified ['OCr+ 
(4.31 %), 52Cr+ (83.76%, major isotope), 53Cr' (9.55 %) 
and 54Cr+ (2.38 % ) l .  The high resolution mass spectrum 
(Fig. 4 )  shows a Cr isotope and a small contribution of 
polyatomic ions at mass 52+ ,  the most important being 
CaC. Thus, in Fig. 2B, some Cr emissive points are the 
same as Ca emissive points. 

Ion micrographs, using the ion microprobe, were 
obtained from semithin sections of Cr-exposed fila- 
ments (Fig. 5). Better resolution was obtained from this 
apparatus allowing improved distinction of organelles 
of epithelia1 cells. The 26CN- image (Fig. 5A) shows the 
precise tissue topography, with nuclei, microvilli and 

Fig. 8. M y W u s  edulis. Cr-exposed mussels. Tissue distribution 
of chromium (Cr),  phosphorus (P) dnd sulfur (S) obtained by 
X-ray microanalysis (electron microprobe). Elements were 
detected from lysosomes of gill (G), labial palp (LP), digestive 
gland (DG) and kidney (K] and from non-membrane-limited 
granules of byssus (B) and muscle (IM). Bars represent means 
and standard deviation from measurements on 20 organelles 

from 10 individuals 

Fig. 9 Mytilus edults. Cr-exposed l ab~a l  palp Photon micro- 
graph of semithln section of filament showing ep~thelial cells 

(ec] with cllia ( c ) ~  h: haemocyte; x 800 
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cilia. The 52Cr+ image (Fig. 5B), shows Cr emission 
exclusively from small points located along the cell 
border. 

Microanalyses performed at the ultrastructural level, 
using the electron microprobe, demonstrated the 
organelles in w h ~ c h  Cr was concentrated and the 
chemical form in which Cr was stored. Figs. 6 and 7 

show that lysosomes contain dense granules. The X-ray 
em~ssion spectra obtained from these granules indicate 
the presence of Cr (K, line), P (K, line) and S (K, line). 
Measurements of element concentration in the 
lysosomes (Fig. 8) are glven by the number of counts 
(over 50 S):  Cr, 2939 + 114; P, 94 i 32; S, 133 ? 26. It 
appears that Cr-high emisslve points of Fig. 5 corres- 
pond to Cr-containing lysosomes of Fig. 6. 

Labial palps 

A photon micrograph (Fig. 9) of a semi-thin section of 
Cr-exposed labial palp filament shows hssue structure 
of the epithelial cells which appears unaffected by the 
contaminant metal. Ion microscope micrographs were 
obtained from Cr-treated filaments. Fig. 10A Indicates 
the general topography of the epithelial cells. Fig. 10B, 
which was obtained from the same section as Fig. 10A, 
shows Cr emission from small points of the cytoplasm. 

l 
From the high resolution mass spectrum (Fig. l l ) ,  
obtained from this Cr-exposed labial palp, Cr isotope 

Fig 11 MytJus  e d u l ~ s  Cr-exposed labial palp. Ion microscope 
spectrum High mass resolution at 52+ showing the presence 
of Cr and a large contribution of polyatomic ions CaC. I :  

intensity (amperes);  M mass 

and a large contribution of CaC polyatomic ions (60 % 
of the signal) appear at mass 52. 

Ion micrographs were obtained from the same Cr- 
treated filaments. Better image resolution was obtained 
to distinguish the epithelium organelles. The 26CN- 
image (Fig. 12A), shows the cellular topography. The 
"Crt image (Fig. 12B), shows a faint Cr emission exclu- 
sively from small points located along the cell border. 

Fig. 10. Mytllus eduhs.  Cr-exposed labial palp. Ion microscope Mlcroanalysis was gerformed at the ultrastructural 
rmcrographs of semlthln section of filament (A) 4 0 ~ a +  image level, using the election mlcroprobe From the electron 
showing the topography of the section ep~thelial  cells (ec) 
with cllia (c),  X 800 (B)  52Cr+ Image obtained from the same micrographs (Figs 13 and 14A, B) ,  i t  appears that 

area as  (A) showng  Cr emission from small points correspond- ~ Y S O S O ~ ~ ~  dense mlcrogranules contain mlcroneedles 
ing to lysosomes (l) of the epithelia1 cells (ec),  x 800 made of Cr assoc~ated wlth P (K, line) Measurements 
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Fig. 12. Mytilus edulis. Cr-exposed labial palp. Ion microprobe Fig. 13. ~Vytilus edulis. Cr-exposed labial palp. Electron mic- 
micrographs of semithin section of filament. (A) ' CN- image rograph showing epithelial cells with cilia (c), mitochondria 
showing the topography of the section: epithelial cells (ec) (m), nuclei (n), autophagic vacuole (av) and lysosomes (1) 
with cilia (c) and nuclei (n); X 2000. (B) j2Cr - image obtained located along the cell border and containing Cr and P; X 7800 
from the same area as (A) showing Cr emission from small 
points corresponding to lysosornes (I) located along the border 

of the epithelia1 cells (ec) ; X 2000 vations of the faint Cr emission from a few points of the 
epithelial cells. The ion spectrum (Fig. 16) confirms this 

of element concentration in these lysosomes (Fig. 8) are observation by exhibiting a small peak of Cr associated 
given by a number of 50 s counts: Cr 478 f 49; P, 39 f with a higher peak corresponding to the contribution of 
20; S was below the detection limit. polyatomic ions CaC. These observations were addi- 

tionally confirmed by ultrastructural observations since 
the emissive points of the ion image are lysosomes (Fig. 

Digestive gland l?)  of the epithelia1 cells, containing a few granules 
which, analysed by X-ray spectrometry, were shown to 

The ion microprobe images obtalned from digestive consist of both elements: Cr, 139 f 31; P, 25 k 12; S was 
cells of the digestive diverticula (Fig. 15) allowed obser- below the detection limit (Fig. 8). 
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Fig. 15. Mytilus edulis. Cr-exposed digestive cells. Ion micro- 
probe micrographs of a semithin section. (A)  2 6 ~ ~ -  image 
showing the topography of the sectlon; ec: epithellal cell; X 

2000. (B) 5 2 ~ r +  image obtained from the same area as (A), 
showing faint chromium emission from the scarce lysosomes 

(1) of the epithelia1 cells (ec); X 2000 

Kidney 

The kidney takes the form of very highly convoluted 
and branched diverticula surrounded by a blood sinus 
containing occasional amoebocytes. The ion microscope 
image of this organ (Fig. 28), indicates very bright Cr 
emlssive points. The ion spectrum (Fig. 19) confirms this 
result by showing an important peak of Cr associated 
with a small one corresponding to polyatomic ions CaC. 
On the electron micrograph (Fig. 20), lysosomes corres- 
pond to the emissive points of the ion image; these 
dense lysosomal granules can be seen together wlth 

Fig. 16. Wlytilus eduhs. Cr-exposed digestive cells. Ion micro- 
scope spectrum. High mass resolution at 52' showlng pre- 
sence of Cr and a high contribution of polyatomic ions CaC. 

I :  intensity (amperes); M: mass 

exocytotic vesicles by which excretory products are 
shed from the kidney. X-ray emission spectra obtained 
from the exocytotic vesicles and from the lysosomes 
indicate the presence (Fig. 8) of Cr, 3475 t 134, P, 215 + 
39, and S, 307 & 36. When compared to the measure- 
ments obtained from the other tissues, Cr levels are 
highest in the kidney. An electron micrograph of non- 
osmicated and unstained material (Fig. 21) reveals the 
precise location of elements within lysosomes and 
within the dense precipitates shed from the kidney. 

Byssus 

The thread 'elastic region', according to the defini- 
tion given by Benedict & Waite (1986), was investi- 
gated. It IS composed of electron-dense microfilaments 
embedded in electron-lucent matrix forming a sinuous 
electron-dense wavy pattern. This region of the byssal 
threads was examined and analyzed by X-ray spec- 
trometry at the ultrastructural level. Two sites of Cr 
concentration were detected. The first consisted of a 
thin sheath of electron-dense microneedles adsorbed 
onto the surface of the threads (Fig. 22).  The second 
consisted of electron-dense microgranules incorpo- 
rated into the thread. The electron micrograph (Fig. 23) 
shows these non-membrane-limited dense granules 
distributed among the matrix. Using the electron mi- 
croprobe, it was possible to demonstrate that these 
granules contain the 3 clements Cr, 864 + 65; P, 63 + 
37; and S, 203 k 32 (Fig. 8). The surface microneedles 
contained only Cr at a very high level: 1540 f 114. 

Muscle 

Samples of posterior adductor muscle were examined 
and analyzed at the ultrastructural level. Fig. 24 indi- 
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Fig. 17. Mytilus edulis. Cr-exposea aigestive cells. Electron micrograph [non-osmicated and unstained material) showng 
lysosomes (1) containing a few microgranules of Cr and P, m microvill~, n nucleus, X 20 000 

cates that the muscle fibers are made up of niyofibrils 
beside which lie nuclei, mitochondria and other cell 
organelles. The dense precipitates which can be iden- 
tified in the cytoplasm were analyzed using the electron 
microprobe; they were shown to contain Cr, 1900 + 220, 
and P, 575 ? 40; S was below the detection limit (Fig. 8) 

Gonads 

The male and female reproductive cells were investi- 
gated by microanalysis, at the structural and ultrastruc- 
tural levels No metal contamination was observed. 

Amoebocytes 

The amoebocytes are distributed throughout the vas- 
cular system of the mussel and because this system IS 

semi-closed, they are also found within the tissues. 
These cells assume an irregular appearance wlth 
pseudopods and vacuoles in the cytoplasm. The 
amoebocytes are phagocytic: they play an important 
role in dli-ectly ingesting large particles. Fig. 25 shows a 
granular amoebocyte containing dense microgranules 
and microneedles consisting of Cr associated with 
phosphorus. 

DISCUSSION 

With regard to tissue and cell structure, complemen- 
tary results were obtained by microanalysis, using sev- 
eral different methods of secondary ion mass spec- 
trometry Ion images were more rapidly obtained with 
the ion microscope: a few seconds were required, while 
several minutes or more were necessary to obtain one 
image with the ion microprobe. 

Longer bombardment by the pnmary ions would 
~ n d u c e  tissue damage. On the other hand, higher sen- 
sitivity and resolution was obtained from the ion m]- 
croprobes. At the ultrastructural level, the electron mi- 
croprobe was very useful as it allowed determination of 
the precise location of Cr concentration and its chemi- 
cal form. The subcellular distribution of elements could 
have been investigated by cell fractionation: this pro- 
cedure is based on differential pelleting of a tissue 
homogenate, but does not give purified subcellular 
particles as such, but rather fractions enriched in one 
particular organelle such as  nuclei, mitochondria or 
lysosomes. The enrichment is dependent on the 
method used and varies from one tissue to another and 
thus would be inadequate and not precise enough for 
our purpose. 

The toxicity of Cr to fish is well documented in 
several species including brook trout Salvellnus fon- 
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Fig. 18. Mytdus edulis. Cr-exposed kidney. Ion microscope 
nucrographs of a sernithin section. (A) 40Caf image showing 
topography of the section, ec: epithelial cells; X 800. (B) "Cr- 
mmge obtained from the same area as (A)  show~ng high Cr 
emission from lysosomes (1) of the epithelial cells (W) ;  X 800 

tinalis (Beno~t 1976), rainbow trout Saln~o gairdnen 
(Benoit 1976, Van der Putte et al. 1982, Anestis & 

Neufeld 1986), fathead minnow Pirnephalus promelas 
(Pickering 1980) and freshwater murrel Channa punc- 
tatus (Sastry & Sunitatyagi 1982). In companson, little 
information is available on Cr toxicity to molluscs. 
Available information generally concerns Cr concen- 
tration of soft parts or the shell, 0.5 to 1.6 pg Cr g-I dry 

b 
M 

Fig. 19. Mytilus edulis. Cr-exposed kidney Ion microscope 
spectrum. High mass resolution at 52+ showing abundance of 
Cr and very faint contribution of polyatomlc ions CaC. I: 

intensity (amperes); M: mass 

matter for soft parts (Fukai & Broquet 1965). More 
precise data were obtained for Pinna nobilis, in mg Cr 
kg-' dry weight: byssus, 32; mantle and gills, 16; 
muscle. 3.9; hepatopancreas, 150 (Papadopoulou 
1973). The following data were obtained for nilytilus 
edulis, in mg Cr kg-'  fresh weight: digestive gland, 7.4; 
muscle. 11 (Young & McDermott 1975). These results 
are in agreement with ours in demonstrating a higher 
Cr concentration in muscle than in digestive gland. Cr 
uptake and loss by the bivalves Crassostrea virginica 
and M. edulis were studied to determine their potential 
as an  indicator of Cr pollution (Zaroogian & Johnson 
1983); Cr concentration in oysters continued to 
increase during spawning, whereas it decreased in 
mussel: this is in agreement with our data showing no 
Cr concentration in the reproductive cells. Compared 
to oysters, mussels appear to accumulate more Cr since 
they have higher tissue concentrations. 

Several works report marked cytopathological 
changes induced by Cr in the gills of aquatic species. In 
the freshwater fish Barbus coachonius, Cr-exposed 
gills showed edema, collapse of pillar cells and desqua- 
mation of the respiratory epithelium, with consequent 
reduction of O2 uptake by the gi.ll lamellae (Gill & Pant 
1987). Extensive alteration of the normal architecture of 
the lamellae was evident, with severe epithelial hyper- 
plasia in the rainbow trout Salmo gairdneri (Van der 
Putte et al.. 1981) In the goldfish Carassius auratus 
accumulation of Cr by gills was not related to dose or 
temperature (Riva et al. 1981). Histopathological and 
ultrastructural changes in gill of grass shrimp Palae- 
monetespugio following exposure to Cr were described 
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Fig. 20. Mytilus eduljs. Cr-exposed kidney Electron mlcrogrdph showlng eplthel~al cells (ec) w ~ t h  mlcrovilli ( m ]  and lysosomes [l) 
containing Cr, P and S. Note presence of exocytosls veslcles (stars) by whlch metals are shed from the kldney: x 26 000 

as follows (Doughtie & Rao 1984): irregular profiles of 
gill lamellae indicating pronounced cellular distension, 

cellular disorganization, increased number of ly- 
sosomes and distended cisternae of rough endoplas- 
mic reticulum. In the shrimp, major degenerative 
changes due to Cr contamination were restricted to the 
gills, with overall decrease in epithelia1 cytoplasmic 
density and a loss of euchromatin denslty Thus, it 
appears that the cytopathological changes we were 
able to observe in the mussel may be compared to the 
ones observed in fish and shrimps. The gill seems to be, 
in all these organisms, the predominant slte of Cr toxic 
action. Gill lesions were also observed in samples of 
Mytilus edulis collected from a harbour polluted by 
discharges of an iron and steel factory (probably con- 

tainlng Cr) by Sunlla (1987) In these specimens part of 
the lnterfilamentar cillary lunctlons were replaced by 
metaplastic cellular connechons and chronic ~nflam- 
matory reacbon was observed. These gill lesions 
associated wlth heavy metal stress affect gas exchange 
and food transport. 

The digestive gland is commonly known to be the 
maln organ of metal concentration in many inverte- 
brates. Using microanalytical techniques we investl- 
gated several organs (digestive gland, kidney, gill, 
labial palp) of Mytilus eduhs. We were able to demon- 
strate that the digestive gland of mussel 1s the target 
organ for the storage of many elements: lithium, 
the lightest metal (Chassard-Bouchaud et al. 1984), 
aluminium (Chassard-Bouchaud & Galle 1986), heavy 
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Flg. 21 Myllus edulis Cr-exposed kldney Electron micrographs (non-osmicated and unstained material). (A) Eplthetial cells (ec) 
w ~ t h  mlcrovllll (m) and lysosomes (I) located along the cell border containing Cr, P and S Note dense precipitates of metal shed 
from the k~dney  (arrows) Inset X-ray emlssion spectra of CT and P (Ka fine] obtalned from these lysosames; X 3 2  000 (B) Part of 

( A ) ,  seen at a hlgher magnification, showing lysosames [ I )  containing dense mlcrogranula ol Cr. P and Si X 66000 

Fig 22 Myhlus eduhs. CI-exposed byssal thread. Ebctran micrograph show~ng a sheath of e1-n-dense Cc m~croneedles 
[arrow) adsorbed onto the surface of the matnx Irn) Non-osm~cated and unstained material; x 40000 
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Fig. 23 Mytilus edulls Cr-exposed byssal thread. Electron 
micrograph show~ng dense granules (arrows) of Cr. P and S; 

X 16400 

metals such as silver and lead (Chassard-Bouchaud et 
al. 1985), lanthanids (Chassard-Bouchaud & Hallegot 
1984) and radionuclides such as uranium (Chassard- 
Bouchaud & Escaig 1984) and plutonium (Calmet et al. 
1987). It appears from our present data that Cr behaves 
toxicologically in a different manner from most other 
metals in M. edulis since the digestive gland is the 
tissue which exhibits one of the lowest Cr levels. 

Our results reveal that the kidney of Mytilus edulis 
had the highest mean Cr concentration and may be 
considered the prime determinant site of Cr concen- 
tration. In this specific case, it seems that the kidneys, 
saturated with Cr, were unable to maintain their 
excretory function and were adopting a storage func- 
tion. Our results are similar to those of George & Pirie 
(1980) who concluded that the kidney forms the major 
storage organ for zinc. 

Cr has been detected in muscle tissue of many 
species of teleost fish (Plaskett & Potter 1979, Elwood et 
al. 1980) and it was suggested (Buhler et al. 1977) that 
fish have 2 major Cr compartments, a rapid turnover 
pool consisting mainly of soluble Cr (VI) in physiologi- 
cal fluids and a slow turnover pool consisting of Cr (111) 
bound to tissue proteins. In crustaceans such as the 
crayfish Procambarus clarkii, highest Cr accumulation 
occurred in the gills, whereas the lowest accumulation 
occurred in muscle (Hernandez et al. 1986). In the crab 
Xantho hydrophilus, similar results were obtained by 
Peternac & Legovic (1986): Cr concentration was high- 
est in the gills with a concentration factor (CF) of 400 to 
798, followed by hepatopancreas (CF 196 to 392), 
skeleton (CF 80 to 160), muscle (CF 52 to 104) and 
hemolyinph (CF 14 to 28). 

Our present data on Cr concentration in the muscle 
tissue of the mussel are consistent with those obtained 
on fish and crustaceans. It should be noted that, in our 
previous investigations on metabolism of other metals, 
highest lithium levels were detected from fish muscle 
(Chassard-Bouchaud et al. 1984). 

The structural tensile elements of byssal threads con- 
sist of collagen and of a non-collagenous protein (Pujol 
1966, Smeathers & Vincent 1979, Price 1983), and of 
catechol oxidase which may be responsible for the 
quinone-tanning of the byssus (Waite 1985). Although 
copper is usually the prosthetic metal associated with 
phenol oxidase, several other metals were also 
detected at significant levels in byssus of Mytilus sp. by 
Coombs & Keller (1981). These authors were able to 
detect, in the byssal threads of mussels collected from a 
variety of environments, significant concentrations of 
zinc, iron and copper, high concentrations of calcium, 
magnesium, sodium and potassium, together with a 
wide variety of other elements present in trace amounts 
such as silver, gold and uranium. These elements were 
shown to reflect the geochemical nature of the environ- 
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Fig. 25. A4ytilus edulis. Cr-exposed macrophage amoebocyte. Electron micrograph showing heterogenous content of the cell, 
among which Cr microgranules and microneedles are visible (arrows); c: cilia; n: nucleus; X 32 000 

ment. For the radionuclide, the concentration in the 
byssal threads was 10-fold higher than in the rest of the 
soft tissues. The same authors question whether the 
metals would be either adsorbed or complexed directly 
from the surrounding waters onto the threads, or incor- 
porated within the tissues. Our data, obtained by mi- 
croanalytical imaging techniques, clearly support the 
existence of both mechanisms for Cr concentration in 

the byssal threads of the mussel. An iron excretion role 
for the byssus has been suggested (George et al. 1976), 
involving transfer from the other tissues to the byssus 
via the haernolymph. In experiments on factors 
influencing the flux of arsenic through Mytilus gallo- 
provincjalis, Unlii & Fowler (1979) found the highest 
concentration of 7 4 ~ s  in the byssus. We can conclude 
with these authors that the byssal threads may consti- 
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tute a significant pathway for the elimination of metals. 
This process would provide a simple and convenient 
method for monitoring long-term environmental 
changes in metal toxicants. 

Granular amoebocytes of Mytilus edulis were shown 
to contain Cr microparticles. In bivalves, these cells can 
perform both intra and extracellular digestion of for- 
eign particles. They migrate to the digestive gland, 
kidney and other epithelia1 linings where they are 
discharged to the exterior. These cells are involved in 
the phagocytic clearance of pollutants (Read & Read 
1972) as they are enzymatically equipped with 
lysosomal phosphatase. Our results are in agreement 
with this concept, according to which granular 
amoebocytes perform detoxication of metals, such as 
iiac, iii the oysier Zstrea eduks (George et G!. 1978) 
and in the mussel Mytilus edulis (George & Pirie 1980). 

At the subcellular level, we were able to investigate 
nuclei, mitochondria and lysosomes of all the organs 
and tissues in order to locate more precisely the sites of 
Cr concentration as well as detennine the insoluble 
chemical form in which it was precipitated. The lyso- 
some appears to be  the target organelle of Cr concen- 
tration, as no metal was detected from other organelles. 
These data are in agreement with our previous results 
showing that lysosomes of Mytilus edulis are the target 
sites of several metals such as aluminium (Chassard- 
Bouchaud & Galle 1986), lanthanum. (Chassard- 
Bouchaud & Hallegot 1984) and uranium (Chassard- 
Bouchaud 1983, Chassard-Bouchaud & Escaig 1984). 
We agree with George e t  al. (1982) who proposed that 
Mytilus may b e  a useful model system for the study of 
intralysosomal metal accumulation. 

In the lysosomes, Cr was concentrated in an  insolu- 
ble from and associated wi.th phosphorus and sulfur. 
Chromium phosphate was the result of a n  enzymatic 
reaction of acid phosphatase activity, as previously 
demonstrated by a method based on its microanalytical 
visualisation (Berry et  al. 1982). The presence of sulfur, 
associated with Cr in the lysosome, may be  explained 
by the possible existence of thionein-like protein. 
Metallothioneins in mussels were first described by 
Noel-Larnbot (1976). Since then numerous papers 
describing different metallothioneins in mussels have 
been published (George & Pirie 1979, George et  al. 
1979, Viarengo et  al. 1986). By sequestering Cr, 
lysosomes play a defensive role by preventing the 
diffusion of the toxic metal throughout the cell. 

In conclusion, Cr uptake by Mytilus edulis occurs via 
the gills where high levels of metal were detected, 
inducing major cellular degenerative changes there. 
Contaminated water is then conveyed towards the 
labial palps before entering the digestive system. The 
main storage tissue appears to be  muscle, while the 
digestive gland plays a very minor role in the metal 

concentration. Byssal threads are involved in Cr stor- 
age  and excretion which however is chiefly performed 
by the kidney which exhibited the highest Cr levels. 
Granular amoebocytes are involved in Cr uptake, stor- 
age and excretion. The target organelle of Cr concen- 
tration was the lysosome where the metal was associ- 
ated with phosphorus and sulfur, in an  insoluble form. 

From our data, it appears that Mytilus edulis may be 
considered as a biological indicator of Cr pollution. 
Investigations of byssal threads, using several micro- 
analytical techniques, could provide, easily and 
rapidly, useful information on tissue levels relative to 
environmental contamination. 
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