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By means of atomic absorption spectrophotometry, concentrations of more than 2500 mg kg~! Pb,
150 mgkg ™! Zn, and 320 mgkg ™' Cd could be detected in the intestine tissues of diplopods from a lead and
silver smelter’s spoil bank. While only small portions of the ingested lead and cadmium are absorbed in the
midgut of these diplopods, the zinc uptake into the midgut epithelium reaches 33.8-37.5% of the zinc content in
the food pulp when the animals were contaminated acutely. However, after long-term contamination with zinc,
absorption and excretion of this metal balanced one another. Absorbed lead and cadmium are predominantly
stored in the midgut cells of the diplopods; unspecific precipitation of heavy metal showed the spherites of the
resorptive epithelial cells to be the main accumulation sites. Zinc is for the most part localized in or near the
cuticle; electron energy loss spectroscopy and ESI electron spectroscopic imaging, however, showed this metal
to he present also in the spherites of the midgut’s resorption cells, These spherites are assigned to belong to the
‘type A granule’ group since (i) they are concentrically structured, (ii) they are shown to contain great amounts

of caleinm and (iii) copper, a ¢lass B metal, could not be detected in these deposits,
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Introduction

Like other saprophagous sail animals, diplopods, the main
ecophysiological role of which is to enhance decomposi-
tion of dead organic matter by stimulating soil microflora
activity, inhabit the upper soil horizons and, therelore,
they are massively influenced by either ore-borne or
deposited heavy metals. Although the species number of
diplopods may be greatly reduced in areas massively
contaminated with heavy metals (e.g. Hopkin et a/. 1985),
in nearly every stand some species occur which are able to
cope with these noxious campounds. These diplopod
populations manage to survive even though food consump-
tion rates (Hopkin er al. 1985), nutrient absorption
efficiency (Kdhler et al. 1992) and, in some cascs, juvenile
survival rates (Read & Martin 1988) decrease under heavy
metal conditions.

While the importance of diplopods for the maintenance
of ecophysiological processes in the intact soil has often
been mentioned in literature, there are few publications on
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survival strategies and detwoxification of heavy metals in
this invertebrate group which made Hopkin (1989) to note
in his detailed review on metals in terrestrial invertebrates
that “it is surprising that so little work on the role of metals
in their [the millipedes’] biology has been carried out”.
Nevertheless, some papers dealing with metal concentra-
tions in diplopods (Sicgel et al. 1975, Carter 1983, Beyer et
al. 1985, Hopkin er al. 1985, 1989, Morgan et al. 1986,
Hunter et al. 1987, Read & Martin 1988) or with metals in
diplopod cells (Crane & Cowden 1968, Petit 1970, Hubert
1974, 1975, 1978a.b, 1979, Martoja et al. 1977) do exist,
and prove that diplopods manage to metabolize and/or
accurnulate different kinds of heavy metal ions.

It is widely accepted that resorption of metal ions
predominantly takes place in the midgut of the millipedes.
The histology {Randow 1924, Verhoeff 1932) and ulira-
structure (Seifert & Rosenberg 1977, Schliiter 1979a.b,
1980a—c, Neumann 1985, Schliiter & Seifert 1985, Koéhler
& Alberti 1992) of the intestine and its appendices is well
known, and some of these studies revealed the presence of
spherites in the midgut epithelium which implics—as the
studies on metal distribution cited above do—the ability of
biotransformation and accumulation of resorbed metals in
this region.
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Based on this information, the present study thus tries
(i) to quantify lcad, zinc and cadmium resorption in acute
as well as in chronically contaminated diplopods, (ii) to
quantify accumulation of these metals in the intestine
tissue, (iii) to reveal the storage sites of heavy metals in the
cclls respansible for resorption and (iv) to characterize the
metal composition of the midgut’s spherites by means of
electron energy loss spectroscopy.

Material and methods

Field studies

To examine metal accumulation in diplopods from long-
term contaminated sites, Leptoiulus belgicus (LATZEL
1884) (Julidae, n = 5) and Glomeris marginata (VILLERS
1789) (Glomeridae, n = 10) were collected on a spoil bank
from a lead and silver smelter in Braubach near Koblenz,
Germany [lcaf litter contamination 41.9 mgkg1{Cd,
628.4 mgkg ! Cu, 1658.6 mgkg - Pb (Dallinger & Prosi
1988)]. For defecation, the animals were kept for two
additional days in the laboratory; subsequently, they were
dissected and divided into (i) intestine and (ii) ‘remaining
body’ which consists mainly of cuticle. Samples were
prepared for atomic absorption spectrophotometry (AAS;
for lead, zinc and cadmium).

AAS

Leaf litter material and feces were oven-dried (60 °C),
animal organs were freeze-dried, all samples ground,
weighed, digested with nitric acid (suprapur grade) and
topped up with distilled water (leaf litter and feces:
5ml HNQ;, topped up to 50 ml; organs: 200 yl HNO;,
topped up to 1.2 ml). The concentrations of lead (261.4
or 283.3nm), zine (213.9 or 307.8 nm) and cadmivm
(228.8 nm) were measured with a graphite furnace atomic
absorption spectrophotometer (Perkin-Elmer 5000, HGA
500).

Heavy metal absorption

Adults of the following diplopod species were kept
individually for 30 days under laboratory conditions
{15 °C, dark/light = 12/12 h) in plastic boxes, the bottom
of which was filled with plaster of Paris on which partly
decomposed leaf litter fragments were placed: Glomeris
conspersa C.L.KOCH 1847 (Glomeridae), Julus scandina-
vius LATZEL 1884, Allaiulus nitidus (VERHOEFF 1891}
and Tachypodoiulus niger (LEACH 1815) (all Julidae).
Both the gypsum surface on the bottom of the boxes and
the leaf litter food were kept constantly moist. Artificial
contamination of both leaf litter and gypsum ground took
place with a solution of 1000 mgkg="' Ph2* (as Ph(N(s),);
the controls were moistened with tap water.

In studies on metal adsorption and excretion, the origin
of the animals has to be considered: (i) heavy metal-
preconditioned animals derived from a former opencast
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mining area in Wiesloch near Heidelberg, Germany [leat
litter contamination 91.01 mgkg='Cd, 1962.60 mgkg~!
Zn, 1240.01 mgkg=! Pb (Kohler ef «l. 1992)] and controls
from a minor contaminated stand 10km north of the
mining area |leaf litter contamination 1.35 mgkg !'Cd,
98.14 mgkg Zn~! 157.35 mg kg~ Pb (Kohler eral. 1992)].
Duc to the low feces production. a species-specific
investigation of the animals has not been possible. Thus,
feces of all four species belonging to the same nutrition
type (Kohler ef al. 1991) have to be pooled and three
animal groups were distinguished according to metal
precondition and acute contamination conditions:

Group A: originally minor contaminated, no acute metal
addition on the food.
Group B: originally minor contaminated, substrate artifi-
cially contaminated with 1000 mg kg~ ! Pb+.
Group C: deriving from the former opencast mining
area, substrate artificially contaminated with
1000 mgkg~1Pb+,

To quantify heavy metal net absorption, (i} concentrations
of lead, zinc and cadmium in cither the artificially
contaminated or non-contaminated  (control)  food
{[hm}oeg), (il) mean daily food uptake (M), (iii) metal
concentration in the feces ([hmjs...) and (iv) mean daily
feces mass (M:) had to be examined {parameter abbre-
viations according to Kohler et al. 1992).

Daily ingested heavy metal mass (Myg i) and daily
defecated heavy metal mass { My, gc¢) are calculated by

My ing = My [hmjfood (1)
M ger = Mer [hmgeces (2

Number of replicates: M, and M; n =25 {group A),
n =46 (group B) and n =22 (group C). [hm]sa and
[hM]reees: for everv group and every metal respective
n = 10.

Transmission electron microscopy (TEM)

Adult specimens of Cylindroiuius punctatus (LEACH
1815) (Julidac) and J. scandinavius from an uncontam-
inated forest stand [and additionally 7. niger from the
Braubach spoil bank for electron energy loss spectroscopy
(EELS)/electron spectroscopic imaging (ESI) investi-
gations] were prepared for TEM. After dissection, the
midgut was fixed in 2% glutardialdehyde dissolved in
0.01 m cacodylate buffer (pH 7.2), rinsed repeatedly in
0.01 m cacodylate buffer (pH 7.2} and postfixed in 1%
reduced Os0, solution (1.5% Ku[Fe[CN]]) for 2h
(Karnowski 1971). After washing in 0.01 m cacodylate and
0.05 M maleate buffer (pH 5.2), the specimens were
stained en bloc in 1% uranyl acetate in malcate buffer
overnight, dehydrated in a graded cthano! series and
embedded in Spurr’s medium (Spurr 1969). Ultrathin
sections were stained with alkaline lead citrate for 5h
{Reynolds 1963, modified) and examined in Zeiss EM 9
S-2 and Zciss EM 10 CR transmission electron micro-
sCOpCS.



Cyvtochemistry

Precipitation of heavy metals in the midgut cells was tested
i T. mger from the Braubach spoil bank site according to
Timm (1958): tissucs were fixed with HbS saturated.
cacodylate buffered 2% glutardialdehyde (pH 7.4) for 2 h,
rinsed in 0.1 m Tris—maleate buffer (pH 7.4) and postfixed
in OsO;. The metal sulfides were developed with 10%
silver nitrate. After dehydration in ethanol and infiltration
in propylenc oxide, the specimens were embedded in
Araldite. The ultrathin sections were not counterstained
and examined in a Zeiss EM 9 transmission electron
MICroscope.

Scanning electron microscopy (SEM)

Sectioned specimens of soft tissue material investigated by
SEM were first embedded in epoxy resin which later has to
be dissolved to cxpose the original surface of the slice
(Weissenfels 1982, modified). Four specimens of T. niger
from an uncontaminated forest site were fixed as shown
above for the TEM preparation (glutardialdehvde,
reduced OsQ)y, no en bloc staining, dehydration in
ethanol). Subsequently, the speccimens were transferred
into a mixture of 50% ethanol/50% methacrylic acid-n-
butylester for 2h and infiltrated by 50% methacrylic
acid-n-butylester/50% styrol for 48 h. Polymerization of
the resin took place after addition of 4% (w/w) benzoyl
peroxide (60 °C, 24 h). After sectioning, the resin was
dissolved by repeated rinsing in xylol.

Samples were subsequently transferred inte dimethoxi-
methane, critical-point dried, mounted on stubs and
coated with gold (Rosenbauer & Kegel 1978). Specimens
were examined with a Philips SEM 505,

EELS and ESI

To reveal the intracellular distribution of metals, ultrathin
sections of 30-40 nm from embedded midgut tissuc of T.
niger and L. belgicus from the Braubach spoil bank site
(scc above) were examined without any lead citrate
counterstaining in a Zeiss CEM 902 (Castaing-Henry-
Spectrometer. Zeiss, Oberkochen, Germany) energy-
filtering transmission clcetron microscope (EFTEM)
equipped with a photomultiplier for recording of electron
energy loss spectra, a highly sensitive SIT-TV camera
(Dage-MTI. Michigan City, IN) and an integrated digital
image analyzing system {Zeiss-Kontron). EELS spectra
were recorded from the spherites in the midgut’s resorp-
tive epithelial cells from 280 to 1200 eV with a slit width of
1 eV. In the spectrum regions where zinc (900-1200 eV,
peak at 1050-1120 ¢V) and copper (800-1100 eV, peak at
930-Y80 eV) peaks may occur, regression analysis was
performed in order to distinguish background noise from
the respective element peaks.

In order to give a conventional impression of the
ultrastructure structure, sensitive dark ficld-likc images
were recorded at 250 eV, directly below the edge of the
carbon peak. For clemental mapping, the two windows
method (Ottensmeyer & Andrew 1980, Kortje er af. 1990)

Heavy metuls in Diplopoda

was applied. recording images at 355eV for calcium
(background image at 235eV), at 935eV for copper
(background image at 915eV) and at 1068 eV for
zinc (background image at 1010eV), with an energy-
selective slit width of 8eV each. Subtraction of the
respective background image from the element-sensitive
imagc using digital image analysis displays the net calcium,
copper, and zinc distribution.

Lead could not be examined since element-specific
electron loss was out of range of thec EFTEM detection
unit; cadmium’s energy loss intcrferes with nitrogen and is
usually hidden in biological materials,

Stanstics

The statstical significance of differences in metal content
(comparison of two independent means} was performed
with Student’s 7-test. Significance levels: **for 0.001 <
P < 0.01 (significant), ***for P < 0.001 (highly signifi-
cant).

Results

Heavy meral accumulation

Both diplopod specics, L. belgicus and G. marginata, from
the smelter's spoil bank in Braubach showed increased
metal contents, especially of lead and cadmium. The
highest concentrations of these two meials were detected
in the intestine of both species; the ‘remaining body’
contained comparatively small amounts of lead and
cadmium. Zinc could be found predominantly in the
‘remaining body". Since this fraction consisted mainly of
the cuticle and the connective tissue underlying it, zinc s
supposed to be mainly located there. However, in G.
marginata, more than 150 mg Znkg~! dry weight on the
average were detected also in the intestine. Compared
with L. belgicus, the Braubach specimens of G. marginata
were found to contain higher concentrations of all exam-
ined metals in both body fractions. Detailed data are
shown in Figure 1.

Metal absorption during gut passage

As shown in Figure 2. in uncontaminated (control) animals
as well as in contaminated ones the absolute amounts of
lead and cadmium ingested with the {ood and excreted via
the feces resemble each other. This is not dose-dependent
or influenced by the preconditions of the diplopods. Both
metals, lead as well as cadmium, are assimilated-—
concerning the net metal mass which remains in the
animals—only scarccly. The higher metal contents
measured and calculated for the feces compared with the
food are supposed to be due to measurement inaccuracies
which may occur in the nanogramm range. This, however,
is not in contrast to the fact that in diplopods net
assimilation of lead and cadmium during the gut passage is
very low and may be restricted to just a few percent of the
ingested heavy metal amount.
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Figure 1. Concentrations of lead, zinc and cadmium in the intestine tissues and the ‘remaining body’ fraction in L. belgicus (L.b.) and
G. marginata {G.m.}. Data represent means -+ SD (mg kg~ ! dry weight). Asterisks indicate significantly higher metal concentrations in
the fractions of G. marginata compared with the respective fractions of L. belgicus. [%], intestine: [, ‘remaining body".

Contrary to these conditions, a net portion of
33.8-37.5% of ingested zinc was found to remain in the
diplopods, but only when applied to animals taken trom
uncontaminated sites or under conirol conditions. Even
under control conditions, zinc assimilation could be found
since low concentrations of the essential metal zinc were
also present in food material (leaf litter) which was not
additionally artificially contaminated. Diplopods precon-
ditioned in a former mining area {permanent contamina-
tion) cxcreted nearly the same zinc amount as ingested
with the food.

Ultrastructure of the resorptive epithelium of the midgur

The diplopod’s midgut is composed of a single cpithelial
layer of resorptive and regeneration cells surrounded by a
circular muscle layer and underlaid by longitudinal muscle
fibers. The resarptive epithelial cells are in close contact to
isolated hepatic (‘liver’) cells which protrude into the
hemocoel. A detailed ultrastructural description of the
midgut of diplopods is given by Kéhler & Alberti {1692).

As shown by SEM as well as by TEM, the apical and
central part of the resorptive cells are characterized by
numerous spherites, mainly anorganic deposits located in
vacuoles (Figure 3a—c). These spherites are concentrically
structured and consist of alternating electron-dense and
cleetron-lucent layers. Spherite-containing vacuoles often
fusc with lysosomes (Figure 3c).
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In regeneration cells which appically do nat reach the
lumen of the gut spherites could never be detected.

Spherite composition

The unspecific sulfide precipitation indicated the presence
of ‘heavy metals’ in the spheritcs of the resorptive midgut
cells of T. nmiger from a long-term contaminated area
(Figure 3d). Distinct elements in these spherites, however,
could be proven by means of ESI and EELS. EELS
spectra of single spherites showed high amounts of
calcium. Additionally, zinc could be identified in the
EELS spectra since the element-specific peak differed
clearly from the extrapolation curve. Copper, however,
could not be found by EELS (Figure 4). ESI studies also
showed the presence of calcium and zinc in the spherites of
L. belgicus, whereas the distribution of copper could not
be assigned to occur specifically in these granules (Figure
5).

Discussion

The epithelium of the intestinal tract is assigned to be a
layer of cells in direct contact with the external environ-
ment which must provide the first line of defense against
penetration of a variety of potentially noxious substances
which reside in the intestinal lumen (Walker 1976).
Therefore, the most important regulatory organs for
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Figure 2. Daily ingested (bright bars) and by defecation excreted (dark bars) mass of lead, zinc and cadmium. A. B, and C are in
accordance with the examined diplopod groups (see text). The slightly darker parts of the bright bars {in the zinc plot) represent the net
portion of zinc that remained in the diplopods. Since calculated out of means. data must be given without standard deviation.

metals in terresirial invertebrates are those associated with
the digestive system (Hopkin 1989).

From alt the metals present in the intestinal lumen of
diplopods only a selection is preferently absorbed by the
epithelium, although acid conditions in the lumen of the
midgut [down to pH 5.6 (Nunez 1975, Shukla & Shukla
1981}] guarantee considerable portions of all heavy metals
being present in soluble form. Corresponding to the
present results, Hopkin e al. {1985) estimated 38.4% of
the ingested zinc being absorbed whereas cadmium (8.2%)
and lead (below 0.1%) are assimilated in lower amounts.
Diplopods from heavy metal contaminated sites which
contain high amounts of zinc seem to manage to excrete
this metal in similar amounts as ingested. Thus. this could
be a possibility 10 maintain the animals’ zinc content
relatively constant. Similar mechanisms have been de-
scribed for chilopods (Hopkin 1989). Although active
transport systems for non-essential metals are unknown
and thus lead and cadmium mainly are excluded from
membrane passage, at times high concentrations of even
these metals may occur in diplopods under permanent
heavy metal conditions. Some exemplary data are given
here: P. angustus: 47 mgkg='Ph, 406 mgkg~!Zn (Mor-
gan er al. 1986); T. niger/Oxidu.\‘ sp.: 511786 mgkg~' Cu.
14.2-18.9 mgkg—' Cd (Hunter et «l. 1987); (. marginata:
32.4mgkg 'Pb, 7148mgkg'Zn, TJL5mgkg ! Cu,
265 mgkg='Cd (Read & Martin 1988). Since these

studies did not distinguish between different organ frac-
tions, the data are not completely comparable with the
present results since metal concentrations in certain organs
evidently can be much higher than would be apparent only
from quantities in the homogenate of the animal. Consid-
ering the metal-burdened intestinal tract (just as a small
portion of the animal’s dry weight), however, metal
concentrations of the whele animal in the present study
may correspond to the data cited above.

As mentioned above, diplopods should possess effective
mechanisms to bind and to detoxify potentially toxic (and
here especially non-essential) metals in the midgut tissue
in order to prevent these toxicants from being distributed
throughout the whole body. Therefore, non-essential
metals are predominantly stored in the intestine (and its
appendices) of soil animals whereas those metals being
essential for the respective animals could aften also be
found in other organs. Thus, for example, in the snail
Arianta arbustorum, cadmium is deposited primarily in the
hepatopancreas (Berger & Dallinger 1989). In the same
species, copper, however, which is essential for the
formation of hemocyanin, is distributed throughout the
body with dominance in the tissues of the {votsole and
mantle {Berger & Dallinger 1989). Chilopods also store
lead and cadmium in the midgut tissue: zine, in contrast, is
stored in the far body (Hopkin & Martin [983}. Confirmed
by the present results, in diplopods. cadmium and lead is
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Figure 3. Sections of resorptive epithelial cells in the midgut of diplopods. S = spherites. {a) T. niger, control animal, SEM. apical cell
region. Scale bar: 5 um. (b) C. punctatus. control animal. TEM, spherites in the apical cell region, Scale bar: 2 um. (¢) J. scandinavius.
control animal, TEM, spherites in the median cell region. Note the lysosome (LY ) fusing with a spherite-containing vacuole. Scale bar:
1 um. (d) T. niger . specimen from the Braubach spoil bank site, unspecific heavy metal precipitation (decp black) in the spherites. Scale
bar: 2 um.
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Figure 4. EELS spectra of a spherite in the median cell region of
aresorptive epithelial cell in 7. niger from the Braubach spoil
bank site. (A) Spectrum region of low electron energy loss
[280-500 V) showing the presence of carbon, caleium and
nitrogen. (B) Spectrum region of higher electron energy loss
{900-1200 V) in 1 higher magnification showing the presence of
zinc. Copper could not be found in the spherites. Interrupted line:
intrapolated {below 1050 ¢V} and extrapolated (above 1030 ¢V)
regression line of ‘background noise’.

localized predominantly in the midgut, while, iron. for
example, could be found in the Malpighian tubules
(Hubert 1978a}. Zinc, according to Hopkin (198Y), is
supposed to be localized in the sub-cuticular layer, since it
could be found in the cuticular fraction—including the
artached epidermal tissue —whereas moulted exoskeletons
did not contain any zinc. Considering pre-moult resorption
of endocuticular substances. however. zinc in siti may be
localized in as well as close to the endocuticle. This storage
site seems 1o be very suitable for diplopods. since zinc is an
essential component of carbonic anhydrasc, an enzyme
involved in the formation of calcium carbonate and being
of extraordinary importance for organisms with a calcified
cuticle or shell e.g. diplopods, isopods and snails (Maren
1967).

Uptake of metals into the midgut cclls can take place in
different ways: through ion channels, ¢.g. tor manganese
(Anderson 1979}, via pinocytotic vesicles or, after forma-
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tion of lipophilic metal complexes, directly by solution in
the cell membrane (c.g. copper, zinc, cadmium or mer-
cury) Simkiss 1983, Hopkin 1989). After uptake. metals
can be intracellularly bound to proteins (e.g. metallo-
thioncins or metallothionein-like proteins, ferritin} in
order to prevent them from cellular metabolism or just to
store them (e.g. Harrison 1977, Crichton 1982, Hunziger
& Kigi 1985, Kigi 1987). Subsequently, metal storage can
take place by intracellular precipitation (formation of
insoluble salts) in spherites, which may prevent cellular
metabelism for the most part from being adversely
affected by these ions.

Several metals have been detected in spherites of
diplopods in the past. These granules predominantly
consist of caleium and phosphorous (as phosphate), but
also contain zinc, manganese, copper, magnesium, iron,
potassium and silicon (Hubert 1978a, 1979). Confirming,
these observations, in the present study, in diplopod
spherites calcium and zinc but not copper were proven by
EELS and ESI, which were applied on this subject for the
first timc. In spherites of other terrestrial invertebrates
which belong to different groups of granules, numerous
other metals have been proven (for a review, see Hopkin
1989). Based on chemical composition and ultrastructural
appearance, Hopkin (1986, 1990} and Hopkin e al
(1989b) distinguish three tvpes of intracellular located
granules:

Type A granules. Thesc granules are concentnically
structured and are composed of concentric layers of
amorphous calcium and magnesium ortho- and pyro-
phasphate with a small organic component (Howard er al.
1981, Taylor er af. 1986). They also contain zinc, man-
ganese, potassium and sometimes lead, but no cadmium,
copper or mereury {Mason & Simkiss 1982, Hopkin 1989,
1990). Type A spherites occur, for example, in intestinal
cells of collembolans, cockroaches. and nematodes, in
hepatopancreatic cells of spiders and gastropods, and in
cells of the Malpighian tubules of Diptera (summarized in
Hopkin 1989). Based on the results of the present study,
the spherites in the resorptive epithelial cells of the midgut
of diplopods also have to be integrated into this group of
intracellular granules. EELS and ESI are assigned to be
suitable methods for evaluating metal composition of these
structures, especially since the presence of a few hundred
metal atoms per section ‘window” is sufficient for a positive
signal. It iy likely that originally typc A granules are
involved in calcium storage and regulation of intracellular
calcium level, and are able to deposit (and possibly
detoxify} other ‘class A” and “borderline” metals (Simkiss
1976, Hopkin 1989},

Type B granules. The appearance of these granules is
heterogenous: however, they usually consist of electron-
dense material. They contain for the most part organic
substances, and always sulfur in association with cadmium,
copper, mereury, zinc, lead and iron (Hopkin 1989). In
cells lacking type A granules, thev also contain small
amounis of calcium (Hopkin & Martin 1982). This granule
tvpe usually occurs in cells of the intestine and its
appendices: in midgut cells of dipterans and cockroaches,
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Figure 5, ESIimages of spherites in the median cell region of a resorptive epithelial cellin L. belgicus from the Braubach spoil bank site.
Localization of calcium and zinc (deep black) in the spherites. Copper could not be proven to be stored preferently in spherites. Lower
row: net element distribution displayed by suhtraction of the background image from the clement-sensitive image. A combination of
these images with the respective negatives of the structure-sensitive images at 250 eV showed the elemental distribution within the cell

{upper row). Scale bar: 1 pm.

hepatopancreatic cells of spiders and isopods, in the
chloragogeneous tissue of earthworms, and in the fat body
cells of homopterans (summarized in Hopkin 1989},

Type C granules. These granules are of crystalline
structure (Cheung & Marshall 1973) or appear as deposits
of flocculent material (Hopkin 1989). The high iron
cantent of these structures and their ultrastructural ap-
pearance led to the suggestion that they are storage sites
for ferritin or its breakdown products (Cheung & Marshall
1973, Taytor & Simkiss 1984). They occur in hepato-
pancreatic B cells of isopods (Hopkin & Martin 1982) or in
midgut ceils of homopterans and lepidopteran larvae
(summarized in Hopkin 1989}, Granules rich in iron have
also been observed in the hepatic cells of diplopods
(Hubert 1979). These cells, however, were not investi-
gated in the present study.

Since toxic metals are almost completely withdrawn
from cellular metabolism, they may possibly remain in the
tissues of soil invertcbrates wntil death, they accumulate
and lead 10 sometimes enormous metal concentrations in
old specimens (see, e.g. [lames 1989). However, in the
course of regeneration of spherite-containing tissues of the
intestinal tract they also can be excreted together with ceil
debris via the lumen of the gut. This is the more important
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for diplopods since thev are known to replace their midgut
epithelium completely during every moult cycle (Hubert
1979). In some hepatopancreatic cells of isopeds (B cells)
and spiders this way of heavy metal excretion is common
(Hames 1989, Hopkin 1989). Since these ‘metal excretion
processes’ are—similar to metal uptake and resorption—
quantitatively not identical in different animal species, the
metal contents of organs can differ between somctimes
even closely related specics (Hames & Hopkin 1991).
Thus, in the present study, average metal contents were
always less in L. belgicus than in G. marginate. Similar
observations have been made concerning zinc concentra-
tions in the isopods Oniscus asellus and Porcellio scaber
{Hopkin et al. 1989a).

Summarizing the present studies, metal uptake as well
as metal accumulation could be quantified for some
diplopod species. Additionally, the storage sites of some
mctals in the resorptive tissue were localized by means of
EELS and ESI—completely new methods in this field.
Other physiological and biochemical reactions of the
influenced ceils, e.g. induction of metal-binding proteins
(possibly metallothioneins) or induction of other ‘stress
proteins’ {possibly heat-shock-proteins) which allow the
cells to survive intoxication as well as the direct adverse



affections of the free metal ions (possibly protein de-
naturation), are up to now (as {ar as we know) unknown
for diplopods and form a wide field of interest for futurc
studies.
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