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Abstract 

X-ray microanalysis (XRMA) is customized for 

investigations of the metabolic and detoxification 

strategies of heavy metals taken by marine 

organisms from polluted environments. Sites of 

uptake, intracellular accumulation, transport and 

excretion are visualized, analysed and quantified . 

Cryopreparation techniques are required to prevent 

the translocation or loss from specimens of 

soluble metal species. 

In marine invertebrates, metals are 

detoxified by systems of chemical binding and 

intracellular c .ompartmentalization. XRMA 

investigations have concentrated on marine 

molluscs and crustaceans and even within these 

restricted groups there are marked inter-species 

differences in the biochemical and cytological 
processes which reduce metal bioavailability. 

Some detoxification systems also protect the 

carnivores which ingest the metal-laden tissues of 
the prey. This results in the bioreduction of 

metals along a food chain. These processes are 

investig ate d by XRMA which can b e tuned to observe 

the complex interactions which operate at all 

levels within and between the biota and polluted 

environments. 

KEY WORDS: X-ray microanalysis, cryofixation, 

marine invertebrates, marine pollution, metals, 

metal bioavailability, metal detoxification 

(detoxication), phosphate granules, sulphur 

ligands 
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Introduction 

Before the development of X-ray microanalysis 

(XRMA) the metabolism of metals was investigated 

by histochemistry, toxicity testing and 

quantitative analyses of tissues and whole animals 

by atomic absorption spectrophotometry. It was 

established that metals were accumulated within 

organisms, sometimes bound to metalloproteins and 

that there were varying degrees of tolerance . 

Limited progress was made towards understanding 

the cytology and the inorganic biochemical 

mechanisms involved . The application of XRMA 

produced spectacular advances because it revealed 

the intracellular location of different metals and 

the binding ligands. The technique is customized 

for this area of research and various applications 

hav e been cited in earlier reviews (Table 1-4) . 

In this review, XRMA means the use of a solid 

state detector in conjunction with the scanning 
electron microscope (SEM), scanning transmission 

electron microscope (STEM) and transmission 

electron microscope (TEM). These systems became 
available in the early 1970's and applications to 

the cytology of metals in marine invertebrates 
were soon described (Nott and Parkes, 1975; 

Walker et al. 1975a & b). 
Metals bind with a restricted range of 

ligands and generate a cascade of reactions that 

can affect biochemical processes, structure and 

function of cells, tissues and whole organisms and 

individual behaviour as well as population 

dynamics . The reactions are chemically simple but 

biologically complex. In terms of physical 
chemistry, metals can be grouped into the hard 

acid type, Na, Mg, K and Ca which bind electro

statically with a ligand preference in the series 

ON S and the soft acid type Cu, Cd, Hg and Ag 
which bind covalently with a preference for SN 0. 

Other metals including Mn, Fe, Co, Ni and Zn show 

intermediate properties. Most metals, including 

both those essential and non-essential for normal 

metabolism, are toxic when encountered in excess 

quantities . 

Instrumentation 

During the period 1970-1990, XRMA equipment 

became rapidly more sophisticated and techniques 

of specimen preparation were developed which 

reduced the loss and redistribution of elements 

within tissues. The first solid state detectors 

were attached to SEMs and transmission detectors 
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for use in SEMs (STEM) had to be fabricated in

house for viewing and analysing. Later, detectors 

were attached to TEMs with STEM attachments; 

these systems had collimated beams and small spot 

sizes and produced high resolution images and low 

background X-ray spectra. Modern microscopes have 

features which are dedicated to XRMA and these 

range from the design of the specimen chamber to 

enab le efficient X-ray detection to integration of 

the control system of the electron microscope and 

analyser. 

Specimen preparation 

XRMA of metals in tissues requires special 
preparation techniques. Early work used standard 

EM chemical fixation and dehydration but avoided 

osmium post-fixation and copper grids to reduce 

unwanted X-ray peaks. These techniques removed 

the labile physiological elements, Na, K, Cl and 

Mg, and the non-essential pollutant element, 

cadmium. Only the most insoluble, intracellular 

metal species were retained. Some specialized 

fixatives were developed which contained 

pyroantimonate, H2 s and other reagents for the 

precipitation of metals within cells. These 

methods were unsatisfactory because they were non

specific, there was translocation of the elements 

and additional, major X-ray peaks derived from 

fixatives obliterated some of the important peaks 

from metals and ligands . 

At the present time, chemical techniques have 

been replaced by cryo-methods; fresh tissue is 

quenched rapidly in liquid ethane or other cryogen 

cooled by liquid nitrogen (Ryan and Purse, 1984, 

Ryan et al. 1987, 1990) and analysed in the 

hydrated or dehydrated state. Specimens are 

dehydrated by freeze-drying or freeze

substitution. Hydrated specimens present the 

ultimate preparation but requirements for cryo

ultramicrotomy and EM cold stages tend to reduce 

the output of analytical data. It can be argued 

that drying techniques induce some translocation 

of elements but an acceptable compromise to 

achieve rapid output of data and meaningful 
results can be achieved by freeze-drying for 

ana lysis and freeze substitution for structure 

(Nott and Nicolaidou, 1989b) . The distribution of 

metals in sections can be demonstrated 

spodograp hic ally by micro- incineration which 

removes all organic material and retains a 

cytological image formed from inorganic ash (Mason 

and Nott, 1980; Al-Mohanna and Nott, 1986a). 

This technique also increases the mass fraction of 

metals in sections and has enabled labile 

cytosolic zinc to be detected in the nephrocytes 

of the winkle (Mason and Nott, 1980) . 

Intracellular pollutant metals occur in the 

cytosol, membrane-bound vesicles and min era lized 
concretions. These compartments are structured 

and, therefore, do not have a 'matrix' with a 

meaningful mean atomic number to provide the basis 

of metal concentrations in fully quantitative 

analyses. Accurate analyses of solubilized tissue 

can be determined from micro-droplets (Nott and 

Mavin, 1986) but this does not provide information 

on intracellular distribution . However, there are 

numerous examples in the literature where semi

quantitative analyses have determined the ratios 

of metals to phosphorus and sulphur which are the 

two intracellular XRMA markers for phosphate and 

SH-metal ligands (see Tables 1-4 for references). 
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Metal detoxification in tissues 
XRMA has shown that metals in marine 

invertebrates are generally localized in membrane

bound granular accumulations which are confined to 

particular cell types. There are cytosolic 

metallothioneins which bind metals like cadmium, 

zinc and copper but these proteins are probably 

degraded in the lysosomes where the metals remain 

in association with sulphur (see Table 4 for 

references). Various combinations of 

intracellular chemical binding and 

compartmentalization serve as detoxification 

systems which protect normal biochemical processes 

from disruption by reactive metals. Furthermore, 

detoxification systems tend to confine the metals 

to particular tissues. 
The marine invertebrates which have received 

the most XRMA investigation ~re gastropods, 

including winkles and whelks, bivalves, including 

clams, oysters and mussels and crustaceans, 

including lobsters, crabs and shrimps. A summary 

of sites of uptake, translocation, storage and 

excretion of metals by these animals is given in 

Figs 1-3 and references to the respective XRMA 

investigations are given in Tables 1-3. Reports 

which include XRMA results on other marine animals 

are listed in Table 5 . 

The diagrams show that metals are taken up by 
animals at several sites, particularly the gills 

and gut. They are transported by blood cells and 

accumulated in the gut of crustaceans and 
gastropod moll.uses a nd in the kidney of bivalve 

molluscs. They are excreted via the gut, kidney 

and other tissues. The biology of metals is 

essentia ll y dynamic and any assessment of the 

metal content of an animal represents the net 

result of continual uptak e and loss. 

XRMA has shown graphically the uptake of iron 

into membrane bound pinocytic vesicles in the 

gills and gut of mussels (George et al. 1976) and 

there are descriptions of amoebocytic blood cells 

transporting copper and zinc in membrane-bound 
granules in bivalves (see Table 2 - blood - for 

references). 
The detoxification systems of binding ligands 

and compartmentalization operate on a considerable 

scale in digestive glands of marine gastropod 

molluscs and crustaceans and in kidneys of bivalve 

molluscs . It is in these tissues that the highest 

concentrations are accumulated and individual 

metals can exceed 1% of the dry mass. Moreover, 

during the course of cell turnover metal 

accumulations are lost along with other fragments 

of necrotic cells and this provides a system of 

excretion. 
Direct XRMA observations using STEM and SEM 

(Nott and Nicolaidou, 1989a & b) have been made on 
three species of Mediterranean gastropod sampled 

offshore from a nickel smelting plant. The 

species are Cerithium vulgatum which feeds on 

sediments, Monodonta spp. which graze on algae and 

Murex trunculus which is carnivorous and includes 

Cerithium in its diet. The highest levels of 

metals are accumulated in the digestive gland of 

Cerithium where they occur in spherical 

mineralized granules in association with 

phosphorus Figs 4 & 5). 

Toxicity reduction along a food chain 

Cerithium granules contain metals which are 

not transferred to the carnivore Hurex. This 
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Table 1. References to XRMA work on metals in marine crustaceans. (R = Review) 

Reference(s) Metal(s) Animal(s) 

Al-Mohanna & Nott , 1986a, b, 1987, 1989 

Chassard-Bouchaud, 1985 

Hopkin & Nott, 1979, 1980 

Cu, Zn, Au, Th , Fe 

Cu , Zn, Mn, Fe, Fr, Cd, Ag , etc. 

Pb , Ca, P, Au, Th , S 

Shrimp 

Shrimp 

Crab 

Gut 

Gut 

Gut 

Tissue(s) 

R lcely & Nott, 1980, 1985 

Koulish , 1976 

Au, Fe , Th , Cu 

Zn , P 

Amphipod Gut 

Barnacle Gut , body wall 

Nott & Mavin, 1986 

Nott et al., 1985 

R Rainbow, 1987 

Thomas & Ritz , 1986 

Walker, 1977 

Walker et al., 1975a, b 

Ca, Mg, P, S 

Pb (aryl sulphat ase) 

Cu, Zn , Mn, Fe, etc. 

Zn 

Cu , Zn 

Zn, Mn, Fe , Z 

Shrimp Gut, Blood 

Copepod Gut 

Barnacle Gut parenchyma 

Barnacle Gut parenchyma 

Barnacle Gut parenchyma 

Barnacl e Gut parenchyma 

Table 2. References to XRMA work on metals in marine bivalves. (R = Review). 

Reference(s) Metal(s) Animal(s) Tissue(s) 

Ballan-Dufrancais et al. 1982, 1985 Metals Scallop Gut 

Carmichael & Fowler, 1981 Cd Scallop Kidney 

Carmichael et al . 1979 Ca, Mg, P, Zn , Mn Scallop Kidney 

Chassard-Bouchaud, 1983 U,P Mussel Blood , kidney, gut 

Chassard-Bouchaud & Hallegot , 1984 La, P Mussel Gut macrophages, gill 

Chassard-Bouchaud et al. 1985, 1986, 1989 Ag, Pb , Cr, P, S Mussel, oyster Gut, gill, blood , muscle , 

kidney, byssus 

R Coom bs & George, 1978 Fe, Pb, Cu, Zn, P, S Mussel, oyster Gill , amoebocytes, kidney 

Doyle et al. 1978 Ca, Mg, P, Mn, Fe, Cu, Zn Clams Kidney 

Fowler et al. 1975 Fe , Hg Clam Mantle 

George _ & Pirie, I 979, 1980 Mg, Ca, P, Zn, Fe, Cd Mussel Kidney , blood 

George et al. I 976, I 977 , I 978, I 980 Fe, Zn, Mn, Ca, P, Cu, S Mussel , scallop, Gill, blood , kidney , 

oys ter gut, amoebocy tes 

Marshall & Talbot , 1979 Cd, Pb Mussel Gill 

Martoja & Martin, 1985 Cd,Z n, Cu Oyster Amoebocytes 

Martoja et al. 1985 Ag Scallop Gut 

Mauri & Orlando , 1982 Mn Wedge shell Kidney 

Pirie et al. 1984 Cu , Zn Oyster Blood 

Schulz-Baldes, 1977 Pb, P , S Mussel Blood, kidney 

Thom son et al. 1985 Cu, Zn, Fe Oyster Blood, kidney , mantle , gill 

Table 3. References to XRMA work on metals in marine gastropods. (R = Review) 

Reference(s) Metal(s) Animal(s) Tissue(s) 

Bouquegneau & Martoja , 1982 Cu , Cd, Zn Gastropods Gut 

R Bouquegneau et al . 1984 Metals Molluscs Gut 

R Greaves et al. 1984 Mn Snail Gut 

Martoja et al. 1980 Cu Winkle Kidney, gut 

Martoja et al. 1985 Cu , Ag Whelk, winkle Gut 

Mason & Nott, 1980 Zn , Mn, Fe Winkle Gut, kidney 

R Mason & Nott, 1981 Metals Gastropods Blood , gut , mantle, 

kidney, shell 

Mason & Simkiss, 1982 Mn Snail Gut 

Mason et al. 1984 Mn, Fe, Zn, Cu Winkle Kidney , gut , gill 

Nott & Langston, 1989 Cd, P, S Winkle Gut 

Nott and Nicolaidou, 1989a, b , 1990 Metals , Zn, Mn Gastropods, whelks Gut , faeces 

R Simkiss , 1979, 1984 Metals/granu les, Mn Molluscs/invertebrates Gut 

R Simkiss & Mason, 1983, 1984 Metals, Cu, Fe, Mn, Zn Molluscs, winkle 

Taylor et al. 1988 Mn Snail 
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F igs 1-3. Schematic diagrams of mar in e or ganisms to show accumul a tions of met als in cel l s and 
the blood as detected by XRMA. Sour ces of the data in Fi gs 1- 3 can be fo und by maki ng 
cr oss re f ere nces to the metals and tissues l isted in Tables 1-3 resp e cti vel y . 
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Fi g . 1. Mari ne cru s t ace ans. Sit es of meta l acc umulat i on oc cur mai nly i n t he epit helia l and 
s ub-e pi t heli a l ce l ls of t he gu t . The gil ls , blo od and exc r e tor y or ga ns are act i ve i n the upt a ke , 
tr anspo rt and exc r e ti on of me t a l s ( f or exampl e , Br ya n e t a l ., 1986) but no accu mula ti ons i n th e s e 
tis sue s ha ve bee n de t ec t ed by XRMA. 
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I BIVALVES I metals in diet 
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Fig . 2. Ma rine bi valves. Accumulations of met a ls t a ke place a t s i tes of upt ake in the gut 
and gills. However, in these anima ls t he kidney is the domin ant tissue for accumulat i on and 
excretion of met a ls. 
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I GASTROPODS I 
metals in diet 
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Fi g . 3. Mar i ne gastropods. Sites of metal accumulation occ ur in the gi l ls and kidney, 
although most record i ngs have bee n made on intracell ul ar inclusions in the gut di verticulum or 
hepatopancreas where metals are taken up and excreted . 
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p Ca Mn 

Fig. 4. Cerithium vulgatum: section of 
digestive gland showing mineralized phosphate 
granules. 

Fig. 5. Cerithiurn vulgatum: X-ray analysis of 
phosphate granules containing heavy metals. 
Compare with Figs. 9 and 10 which show phosphate 
granules without heavy metals. 

Figs 4 and 5 reproduced from Nott and 
Nicolaidou, 1989b with permission. 

Table 4 Review papemon the cytology of metals which cite X-ray microanalytical 
work. Other reviews appear in Tables 1-3 marked (R). 

Review 

Brown, 1982 
Bryan, 1984 
Fowler, 1987 
Fowler et al., 1981 
George, 1980 
George, 1982 
George & Viarengo, 1985 
Martoja et al., 1975 
Rainbow, 1988 
Ray & McLeese, 1987 
Simkiss, 1976 
Simkiss et al., 1982 
Taylor & Simkiss, 1984 
Taylor et a l., 1986 
Viarengo, 1989 

Metals 

Metal containing granules 
Metal pollution 
Intra-cellular metals 
Intra-cellular metals 
Metal metabolism 
Metal detoxication 
Metal detoxification 
Ecological metals 
Metal accumulations 
Cadmium 
Biomineralization 
Metal detoxification 
Biomineralization 
Intracellular granules 
Metal metabolism 

Animals 

Invertebrates 
Marine organisms 
Aqua tic organisms 
Estuarine organisms 
Marine bivalves 
Aqua tic animals 
Mussels 
Various organisms 
Decapods 
Marine organisms 
Invertebrates 
Molluscs 
Invertebrates 
Invertebrates 
Marine invertebrates 

Table 5 Additional pa pers which utilize XRMA for studying metals in marine organisms 

Reference Metal(s) Animals/tissue 

Ascidian blood cells 
Chaetognath body fluids 
Polychaete jaws 
Polychaete skeleton 
Polychaete 

Bell et al., 1982 
Bone et al., 1987 
Gibbs & Bryan, 1980 
Gibbs & Bryan, 1984 
Gibbs et al., 1981 
Gooday & Nott, 1982 
Gupta & Hall, 1984 
Nott & Parkes, 1975 
Pirie & Bell, 1984 
Pirie et al., 1985 
Rowley, 1982 
Southward, 1982 

Vanadium & sulphur 
Ionic analysis 
Cu 
CaP04 
Cu 
BaS04,Sr (IntracellullU') 
Ca, Cu, Zn 

Deep-sea protozoans 
Sea anemone 
Polychaete Ca secretion 

Vanadium & sulphur Ascidian blood 
Polychaete Cu, Zn 

Vanadium 
in, Cu, Cri., P 

for seaweed refs see: 
Pedersen & Roomans, 1983 Br, I 

suggests that the detoxifying system which 
operates in the prey continues to be effective 
within the carnivore. This idea has been tested 
at Plymouth by an XRMA examination of metal from 
three local invertebrate predator/prey 
relationships (Fig. 6). The first experiment was 
carried out by taking the digestive gland loaded 
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Ascidian blood cells 
Pogonophora 

Brown seaweed 

with granules from the grazing winkle Littorina 

littorea and feeding it to the carnivorous whelk 
Nassarius reticulatus. Subsequently, faecal 
pellets were collected from the whelk. The winkle 
digestive gland and the whelk faecal pellets were 
both squashed onto graphite specimen stubs and 
examined in the SEM. The glands and the pellets 
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Prey inTertebratea -

aetala detoxified in 

phosphate granule• 

Metal• in granules 

are unavailable 

to carnivore 

~ aetal/phoephate granul~kidneyi:::eito 

assar us 

in kidney I 
_L_i~_tt_o_r_i_n_a litt o rea ,• e q>:::,~ 

'(, c&"(\ ... 

~ 0 
0 

■ etal/phoaphate granule ■ 

in digestive gland 

Balanus balanoides 

Granules+ 

aetala in 

faecal pellet ■ 

of carniYore 

faecal pellets inc . 

1
aetal/phosphate 

granules 

soft tissue ~ 
eaten 

by c arnivore _..,. ~ ~ 
" faecal pellets in c . 

■ etal/phosphate granules ■ etal/phosphate 

in parenchymous cells 
granules 

Fig. 6. Predator/prey relationships: metal contain

ing phosphate granules are produced in tissues of 

the prey animals (left): tissues are fed to 

carnivores (centre): granules pass through gut of 

carnivore and appear in faecal pellets (right) . 

Reproduced from Nott and Nicolaidou, 1990 with 

permission. 

produced masses of granules (Figs 7 & 8), and both 

produced a similar Mg/Ca/PX-ray spectrum (Figs 9 
& 10) showing that the granul e s synthesised in the 

winkle were passin g throu gh the gut of the 
carnivore . The n e xt s ta ge wa s to dose the winkles 

with 1 ppm Zn in the s e awater for 16 da ys to load 

metal into the granule s in the digestive gland. 

Fig. 7. Nas sa rius reticulatus: ma s s es of gra nu les 

in f a ecal Pellet sq uashed on g r ap hite stub 

Figs 7-14 reproduced from Nott a nd Nicolaidou, 

1990 wit h permi ss ion 
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The digestive gland was again fed to the whelk and 

faecal pellets were sampled in due course . the 

winkle gland and whelk pellets produced granules 

with X-ray spectra which included a peak for zinc 

(Figs 11 & 12); the experiment was repeated with 

manganese with a similar result . These 

observations provide circumstantial evidence that 

zinc and manganese were strongly bound in the 

granules and unavailable to the digestive system 

of the carnivore. 

Bivalves produce phosphate granules in the 

kidney and these accumulate heavy metals. Kidney 

tissue was taken from the queen scallop Chlamys 
opercularis and fed to the whelk. Again, the 

granules passed through the gut of the whelk and 

in the faecal pellets produced XRMA spectra 

similar to those in the kidney (Figs 13 & 14). 

Metal-binding pho s phate granules also occur 

in barnacles (Walker et al. 1975 a & b) which are 

the natural prey of the dogwhelk Nucella lapillus. 
Granules extracted from barnacles and from faecal 

pellets of the dogwhelk gave similar spectra. 

Although the s e result s indicate that the 

phosphate granules can pas s through the gut of a 

carnivore without lo s s of me tals, the XRMA spectra 

of solid spherical objects like granules cannot be 

processed quantitatively . Differential variations 

in peak height due to surface geometry are high. 

To take the investigation further the tissues 

containing granule s and the faecal pellets have 

been frozen, freeze dried, embedded and sectioned 

for analysis by STEM/XRMA at 200kV. Spectra are 
generated from the flat surfaces of the granules 

and X-ray counts are taken for the peaks and 

selected regions of b a ckground. A simple computer 

programme calculates the peak-minus-background 

integrals for the peaks. These are used to 

produce ratios of elem ental counts which indicate 

changes in the con s titu t i on of the granul e s . 

Fig. 8. Nas sa rius re t i c ulatus: detail of 

gr a nules in Fi g . 7. The sma l l er dense g r 3nules 

are the phosphate type 
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p 

Mg 
K 

5keV 

Fig. 9 Littorina littorea (winkle) : analysis 
of phosphate granule in digestive gland 

(compare with Fig. 10) 

p 

Mg 
K 

Zn 

r ,r r r r ,- ,- r rr-r-~~"1 .,....,.-,--,-

5 keV 

Fig. 11 Littorina littorea: analysis of phosphate 
granule containing zinc (compare with Fig . 12) 

p 

Ca 

Mn 

Zn 

5keV 

p 

5 keV 

Fig. 10 Nassarius reticulatus (carnivorous whelk): 
analysis of phosphate granule in faecal pellet: 
granule is derived from winkle and has passed 
through gut of the whelk (compare with Fig. 9) 

p 

Zn 

5keV 

Fig . 12 Nassarius reticulatus:analysis of phosphate 
granule in faecal pellet: the zinc incorporated in 
the pellet by the winkle has not been removed by 
the digestive system of the whelk (cf with Fig. 11) 
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Fig. 13 Chlamys opercularis (scallop):analysis of Fig. 14 Nassarius reticulatus:analysis of phosphate 
phosphate granule in kidney (compare with Fig. 14) granule in faecal pellet: granule is derived from 

scallop kidney and has passed through the gut of the 

whelk (compare with Fig. 13) 
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Cytology of metal interactions 

In another investigation the combination of 

cryopreparation and the analytical resolution and 

sensitivity of the STEM/XRMA system have 

demonstrated a precise intracellular location of 

cadmium (Nott and Langston, 1989) . In µm thick 

sections of winkle digestive gland, the phosphate 

granules were analysed in a transect across the 

diameter (Fig. 15). Cadmium, in association with 

sulphur, is confined to the membrane which 

encloses the granule. It is conceivable that this 

cadmium binding could affect the efficiency of 
transport of metals across the membrane before 

they can be incorporated in the granule and bound 
to phosphate radicals. 

It is known from metal uptake work that there 

are both synergistic and antagonistic interactions 

between cadmium and other elements. Clearly, the 

relationship between membrane-associated cadmium 

and the composition of the granules can be 

investigated further by XRMA and provide some 

basic mechanistic interpretation of the cytology 

and inorganic biochemistry of heavy metal 

reactions and interactions. 

Summary 

The application of XRMA to pollution research 

is providing information on the effects of metals 

on marine organisms and is demonstrating that 

detoxification of metals by a particular species 

can reduce the availability and toxicity of metals 

to other organisms. XRMA can be tuned to observe 

the complex interactions which operate at all 
levels within and between the biota and polluted 

environments. 
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Discussion with Reviewers 

L Sacko-Goad: Is there any evidence that there is 

an increased concentration of metals in the gut of 

predators that ingest heavy metal laden prey? 

Author: In a polluted region of the Mediterranean 

the carnivore Hurex trunculus accumulates metals 

from the gastropod Cerithium vulgatum (Nott and 
Nicolaidou 198 9b). However the carnivore does not 

accumulate the full range of metals from the prey 
and the concentrations in t h e digestive gland are 

lower in the carnivore than the prey. The 

exception is copper which occurs at higher 
concentration in the predator. 

The final metal accumulations in the 
predator must depend upon the total metals present 

in the prey and the bioavailabilities in the 

various tissues. In addition, the levels in the 

carnivore will be the net balance of continuous 
uptake and excretion. 

AJ Morgan: You appear pessimistic about the 

ability of XRMA to provide fully quantitative and 
reliable, biological data. Would you define what 

you consider to be the major constraints? 

Author: In the SEM the constraints on quantitative 

XRMA are the effects of surface geometry on beam 

penetration and X-ray emission and detection. In 

the TEM and STEM the constraints are again 

geometrical but generally they can be controlled. 

However, there remain unexplained discrepancies 

like the variations in analyses across the 

surfaces of sectioned 2 µm diameter granules which 

are related consistently with respect to the 

direction of the detector. Most biological XRMA 

projects are subject to the constraints imposed 

upon specimen preparation by the solubility of 
elements. 

AJ Morgan: You show that Cd and S are associated 

with the limiting membrane of the phosphate 

granules in the winkle digestive gland. Is Cd 

bound to a S-donating ligand in the membrane or do 

the granules possess a peripheral Cd-S component? 

Maybe the Cd and S peaks are generated from Cd

metallothioneins in the cytoplasm by electrons 

scattered from the mineralized granules? 

Author: We ask the same questions and hope to have 

an answer after more experiments . 
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AZ Mason: The proposal for the progressive 

bioreduction of metals up the food chain is an 

intriguing and novel concept and the presented 

evidence for this process appears to be extremely 

strong. Nevertheless, would the author agree that 

it is important to distinguish whether the 

analysed granules are derived from unassimilated 

food or from the basophil cells of the carnivorous 

molluscs? 

Author: The granules in the faecal pellets are not 

derived from the basophil cells of the carnivore. 

The granules in the basophil cells produce spectra 

which are distinctive in each carnivorous species 

and they do not match the spectra derived from the 

granules of the prey . 

AZ Mason: As the author correctly points out, Cd 

in most cells is either associated with 

metallothionein-like proteins or alternatively 

with lysosomal bodies which are presumed to be 

derived from the degradation of these proteins. 

The presence of Cd associated with suphur at the 

membrane delineating the granules therefore raises 

a number of interesting questions: do high power 

electron micrographs show the presence of 

lysosomal inclusions in this area? If not, are the 

metals sequestered to metallothionein, and if so 

how is this cytoplasmic protein localized without 

any apparent compartmentation? Could the presence 

of the Cd and S on the surface of the granules be 

a drying artifact brought about by en bloc drying 
and resin impregnation and by the subsequent 

collapse, concentration and accretion of 

dry/drying cytoplasm onto the surface of the 

granules? Have similar results been obtained by 

viewing hydrated cryosections? 

Author: There are no lysosomal inclusions in the 

areas analysed. In animals not dosed with cadmium 

the margins of the granules produce a similar peak 

for sulphur which is not associated with cadmium. 

It can be suggested, therefore, that when cadmium 

is present, it is associated with a non- induced, 

indigenous, high-sulphur protein or that the 
cadmium and sulphur are not associated chemically. 

Hydrated sections have not been analysed. 

However, freeze-dried sections have been viewed on 

a co ld stage at -175°C and the spectra are similar 

to those produced with a conventional stage. This 

indicates that the cadmium and sulphur are not 

lost differentially into the high vacuum of the EM 

under the action of the electron beam. 

K Simkiss: XRMA focuses investigations on discrete 

accumulations such as granules and lysosomes that 

often refer to the end products rather than the 

processes of metal metabolism. 

Author: This point is accepted and it arises 

mainly from the limit of detection for an element 

to about 0.1% of the mass of the volume analysed. 

Thus, in the blood of marine invertebrates metals 
can be detected in accumulations carried by the 

lymphocytes but they cannot be detected when 

dispersed in the plasma. In general, however, the 

chemical characteristics of accumulations together 

with their temporal and spatial distribution can 

contribute substantially to investigations into 

metal metabolism. 



X-ray mi c roanalysis of metals in marine invertebrates 

K Simkiss: The statement that the reactions of 
metals "are chemically simple but biologically 
complex" refers to the concept of the group a 
(hard) and group b (soft) metals which has helped 
biologists understand the basis of ligand binding . 
Now, it is opportune to look further into the co
ordination and stereo-chemistry of biological 
systems . For example , the localization of cadmium 

on the membrane of the phosphate granule in 
association with a sulfur signal is to be expected 

for a group b metal . However, in a number of 

epithelia it has been suggested that cadmium may 
be transported with calcium because of 
similarities in atomic size. XRMA would not pick 
this up . 

Author: Apart from the co-ordination and stereo
chemistry of cadmium, only limited examples of 
intracellular accumulations have been detected by 

XRMA. Cadmium is easily removed from tissue by 
chemical fi x ation which makes cryopreparation 
essential. Also, much of it is bound to dispersed 
cytosolic metalloproteins and this reduces the 

mass fraction of the element below the detection 
level of XRMA. These properties are associated 

with its high toxicity and extended retention 
within tissues. Other pollutant metals are 

detoxified as insoluble intracellular 
accumulations whi c h are excreted during ce 11 

turnover . These accumulations are readily 
detectable by XRMA. 
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