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Earthworms are well-studied organisms in ecotoxicology
because of their keystone ecological status and metal-
accumulating capacity. However, the direct estimation of
the bioreactive fractions of accumulated metal burdens
remains technically elusive. In this study we exploited two
physical techniques, electron probe X-ray microanalysis
(EPXMA) and X-ray absorption spectroscopy (XAS), to improve
understanding of the subcellular spatial distributions,
ligand affinities, and coordination chemistries of Cd, Pb
and Zn in a field population of the epigeic earthworm,
Dendrodrilus rubidus. EPXMA and XAS analyses were
performed on cryopreparations to maintain compositional
fidelity; EPXMA data were analyzed by multivariate
statistics. XAS provided whole-worm insights; EPXMA
provided in situ, subcellular data from the major metal-
sequestering tissue, the chloragog. Both techniques showed
that Cd is coordinated with S; the measured Cd-S bond
distance in XAS suggests a metallothionein-type ligand. The
mean Cd:S molar ratio (EPXMA) of 0.36 is higher than
the ratio of 0.29 estimated from published biochemical data.
EPXMA and XAS data also found that Ca, Pb, and Zn
are predominantly bound to one or more O-donating, probably
phosphate-rich, ligands. X-ray distribution maps (EPXMA)
of the hepatocyte-resembling chloragocytes revealed
that the O-seeking (Ca, Pb, Zn) metals and S-seeking Cd
bioaccumulate in distinct organelles. Extended X-ray
absorption fine structure showed that the Pb complex is
not biogenic pyromorphite, although X-ray absorption near
edge structure did not eliminate the possibility. XAS
provided no evidence of Pb spillage from the “sequestration
compartment” within D. rubidus. However, the cor-
respondence of Pb with Ca and P in EPXMA is not as strong
as that of Zn. This is indicative either of spillover or of a
second, hitherto unidentified, sequestered-Pb pool. By
exploiting the complimentary techniques of EPXMA and
XAS, we are closer to describing the mechanistic link between

equilibrated body burdens and biomarker responses in
earthworms.

Introduction
Earthworms exert multifarious direct and indirect beneficial
influences on the physical structure, nutritional status, and
microbial activities of temperate soils (1). Their profound
ecological engineering roles, albeit incompletely understood,
have led to the widespread use of earthworms in terrestrial
ecotoxicology and contaminated land monitoring (2-4).
Biomonitoring, implicitly or explicitly, is founded on the
notion that accumulated tissue burdens of environmental
contaminants and their biological effects reflect the bio-
available fraction in the receptor organism’s microhabitat;
the accumulated burdens integrate, in time and space, the
modifying interactions of abiotic and biotic variables. Total
metal concentrations in a soil do not reflect the exposure of
a receptor species and, therefore, cannot form the sole basis
of site-specific hazard assessments or the establishment of
quality standards (5, 6). The concept of bioavailability has
recently been extended holistically from geochemical con-
siderations alone to encompass the fate and speciation of
contaminants within the receptor organism.

The equilibrium of metal ions within the cells and tissues
of a receptor organism favors the bound or sequestered state.
“Free” metals can potentially pose a significant threat to a
cellular system by associating nonspecifically with the amine
or thiol groups of proteins, thereby compromising structural
and functional integrity (7). Receptor organisms respond
dynamically to metal intrusion. For example, essential ions,
such as Zn, Cu, and Fe are usually regulated through intricate
influx, efflux, and sequestration mechanisms that, in concert,
maintain bioreactive metal ion levels within critical limits.
Nonessential metals mimic, to greater or lesser extents, the
biotic pathways of “corresponding” essential metals accord-
ing to their ligand affinities and other physicochemical
characteristics (8). Once within biological systems, the metals,
whether essential or not, are bound to and relayed by
chaperone molecules that control their cellular fate, in
particular their delivery to, and internalization by, subcellular
compartments. These compartments either act as exclusion/
storage sites for essential metals or as exclusion/excretory
organelles for nonessential metals. In the case of earthworms,
we have previously located two metal-specific sequestration
compartments (9) and characterized an inducible Cd-
trafficking chaperone (metallothionein) (10) that is function-
ally linked with one distinct type of compartment. The
structure of the metallothionein gene, whose expression
correlates quantitatively with cadmium exposure (10), has
recently been described (11).

Even in an invertebrate as well studied as the earthworm,
the direct estimation of toxicoavailable or bioreactive metal
fractions of accumulated body burdens represents a formi-
dable technical challenge. Indirect estimates are given by
quantifying the effects of metals interacting with specific
genetic or molecular targets. In the words of Lanno et al. (6),
“only organisms can determine whether a chemical is
bioavailable”. This is the essence of the much vaunted and
widely exploited biomarker approach in ecotoxicology (12,
13). Nevertheless, although biomarkers can be useful for
predicting the ecotoxicological consequences of toxicant
exposures, they do so at one step removed from estimating
the toxicoavailability of a given metal. Toxicoavailability is
a product of both metal speciation and compartmentation,
parameters that have been “probed” by four generic and
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relatively direct ways: (a) by fractionating tissues into
detoxified-metal and nondetoxified-metal compartments
(14), (b) by stable isotope-tracer kinetic techniques (15), (c)
by localizing and measuring metal partitioning in structurally
intact cells (16), and (d) by physical techniques to characterize
metal-ligand coordination chemistry within tissues and cells
(17).

The main aim of this paper was to combine approaches
c and d in a complementary fashion. First, this involved using
quantitative electron probe X-ray microanalysis (EPXMA)
coupled with multivariate statistical analyses to improve the
understanding of the spatial distributions and ligand affinities
of Cd, Pb, and Zn in the main metal-sequestering cells,
chloragocytes, of the earthworm, Dendrodrilus rubidus.
Second, X-ray absorption spectroscopy (XAS) was used to
determine the coordination chemistries of the metals in whole
earthworms. The worms were sampled from a heavily
contaminated mine-associated soil where the accumulated
tissue concentrations are known to be high (9). Previous
studies, including qualitative EPXMA, have indicated that
the metals are not homogeneously distributed among the
major earthworm organs and that they are discretely
compartmentalized within certain tissues and cells (9, 18-
20). A similar combination of techniques was recently
successfully used to determine Pb speciation and cellular
distribution in a plant exposed to the metal in solution culture
(21). In our earthworm study, all measurements were
performed on cryopreparations to minimize leaching and
redistribution artifacts in EPXMA (16) and to maintain the
fidelity of metal speciation for XAS.

Methods
Earthworms and Soil. Adult (i.e. fully clitellate) earthworms,
D. rubidus (Annelida; Oligochaeta; Lumbricidae), were
collected by digging and hand-sorting soil from a disused
Pb/Zn mine at Draethen, South Wales, UK (Ordnance Survey
Map Ref. ) ST200855). Samples of soil (from 0 to 10 cm
depth; dried and sieved through a 2 mm stainless steel mesh)
and whole earthworms (after 4 days depuration on moist
filter paper) were, respectively, digested in boiling 16 N HNO3

(Aristar grade; Fisher), made up to volume with ultrapure
water, and analyzed for the major inorganic constituents by
ICP-MS (ThermoElemental X-series) with a Cetac AS-500
autosampler. Soil pH was measured (Hanna Instruments
HI9321) in 1:2 soil:water (w/v) slurries.

Electron Probe X-ray Microanalysis (EPXMA). Freshly
dissected pieces (ca. 1 mm3) of the posterior gut (i.e. intestine
plus attached chloragogenous tissue) of the earthworm D.
rubidus were hyperbarically frozen (22) with minimal delay
in a Balzers Union HPM010 high-pressure freezer. The frozen
specimens were stored in liquid N2 prior to freeze-substitution
in anhydrous ethanol (Reichert AFS; Leica, Austria) followed
by low temperature embedding in Lowicryl HM20. Thin
sections, nominally 600 nm thick, were cut on dry glass knives
and mounted on coated titanium grids (200 mesh).

Quantitative digital X-ray distribution maps of a repre-
sentative region of a chloragocyte was performed at 100 kV

in a JEOL JEM-1210 transmission electron microscope
interfaced with a LINK Pentafet detector (resolution ) 138
eV) and LINK “ISIS” analyzer (Oxford Instruments). The maps
were generated using a narrow convergent beam (diameter
∼ 100 nm) and a total acquisition time of 15 h. Software
based on the “Hall continuum normalization method” was
used for element quantitation (23). Extraneous X-ray con-
tributions emanating from the specimen holder, the support
grid, and film were subtracted from the background signal.
Peak deconvolution was achieved by fitting a library of peaks
from pure inorganic standards. The maps were processed in
two ways. First, after background correction, they were
converted into single color qualitative maps. Pairs of maps
were overlaid using Photoshop image processing software
to determine the spatial distributions of the metals relative
to the subcellular distribution patterns of the two major
anions. Second, element concentration values in each pixel
were exported via Microsoft Excel into MINITAB version 13.1
(Minitab Corporation Inc.) for multivariate statistical analysis.

Multivariate Statistical Analyses. Stepwise linear regres-
sion was performed to model the relationships between Cd
(a S-seeking, “soft-acid” metal) or Ca (an O-seeking, “hard-
acid” metal) with the other measured elements in earthworm
chloragocytes. Distributional relationships between the ele-
ments were also compared by principal components analysis
(PCA; MINITAB) to determine the ligand association and
compartmentation of the four metal ions.

X-ray Absorption Spectroscopy (XAS). Earthworms were
depurated of their gut contents by maintenance for 4 days
on moist filter; the paper was changed daily. Worms were
then briefly immersed in 25% ethanol and quench-frozen by
immersion in liquid nitrogen. The fully hydrated frozen
worms were stored at -80 °C until required.

X-ray absorption spectra at the Cd K-, Pb L(III)- and Zn
K-edges were collected on Station 16.5 at the UK CLRC
Daresbury SRS operating at 2GeV with an average current of
135 mA using a Si(311) double crystal monochromator and
a focusing mirror that rejects harmonic contamination. Data
were collected from whole earthworm material mounted on
Sellotape in an aluminum sample holder, with the station
operating in fluorescence mode using a 30 element solid-
state Canberra detector. Experiments were performed at 77
K under vacuum and multiple scans recorded and averaged
to improve the signal-to-noise ratio. The spectra were
background subtracted and fitting procedures were per-
formed in EXCURV98 (24) using ab initio calculated phase
shifts and refining the absorber-scatterer distances and
Debye-Waller factors to minimize the R-factor (25). Details
of the background subtraction and fitting procedures can be
found in the work of Charnock (17).

Results
Earthworm and Soil Composition. Metal concentrations
from soil and whole, depurated worm are presented in Table
1. The main metal pollutants in this relatively calcareous
mine-associated soil are Cd, Pb, and Zn. The high tissue
concentrations of the three metals, even in the unlikely event

TABLE 1. Composition (16 N HNO3-extractable or -digestible; µg/g dry weight) of the Metalliferous Draethen Soil and Resident
Earthworms (D. rubidus)a

Cd Pb Zn Ca P Cu Fe Ba Mn pH

soil 510 ( 12
(5)

16300 ( 1310
(5)

48800 ( 780
(5)

92100 ( 830
(4)

375 ( 7
(5)

140 ( 4
(5)

17920 ( 450
(5)

3350 ( 90
(5)

2000 ( 40
(5)

6.4

worm 1250 ( 210
(5)

2430 ( 320
(5)

2200 ( 510
(5)

8180 ( 800
(5)

9410 ( 350
(5)

20 ( 3
(5)

260 ( 90
(5)

100 ( 59
(5)

50 ( 25
(5)

-

BCFb 2.45 0.15 0.05 0.09 25.09 0.14 0.02 0.03 0.03 -
a The number of observations is in parentheses. Data are presented as means ( SE. b BCF ) bioconcentration factor (i.e. whole earthworm

concentration of a given element ÷ soil concentration of the given element).
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of their being homogeneously distributed among all cells
and constituent subcellular compartments, indicated that
the (element-related) detectable limits of EPXMA (23) would
be exceeded, although only the Cd (and P) bioconcentration
factors were above unity.

EPXMA of Chloragocytes. A continuum (“bremsstrahl-
ung”) X-ray distribution map (i.e., effectively a map of relative
local mass densities) of the region of an unstained, freeze-
substituted, thin cryosection of a chloragocyte that was
subjected to quantitative EPXMA mapping is illustrated in
Figure 1. The outlines of the characteristic, and relatively
electron opaque, chloragosome granules are readily identifi-
able; no other compartments are discernible within this
cytoplasmic field (nor could be identified on the imaging
screen of the microscope prior to analysis). Quantitative X-ray
distribution maps, with their accompanying color-coded
concentration scales, are also presented in Figure 1. It is
noteworthy that the Ca, P, Zn, and Pb “hotspots” were all
centered around the chloragosome granules seen in the
corresponding micrograph. The Cd and S hotspots were
more-or-less contiguous with each other but spatially

distinguishable from the elemental constituents of chlora-
gosomes. Metal-discriminant partitioning and ligand binding
is clarified in the binary qualitative maps (Figure 2), derived
by assigning single primary colors to all the significant pixels
in the individual quantitative maps. Thus, the mixing of
primary colors in the overlaid paired maps indicated that
the two subject elements are spatially codistributed (e.g. Ca
+ P; Zn + P; Pb + P; Cd + S). Conversely, the retention of
primary colors indicates that the subject elements occupy
different subcellular compartments (e.g. P and S, together
with their respective “accompanying” metals) (Figure 2).

Stepwise regression equations (Table 2) indicate that Zn,
P, and Pb are the main predictors of Ca distribution and
concentration in the EPXMA map; both Cd and S are minor,
negatively correlated predictors. S is, evidently, the strongest
positively correlated predictor of Cd distribution, with Ca a
notable, albeit negatively correlated, predictor (Table 2). The
eigenvalues diagram (Figure 3) indicated that the first three
components explain 93% of the variance in the EPXMA data,
with most of the variance (88.3%) explained by the first two
components. This justified the use of only the first three axes

FIGURE 1. Quantitative X-ray distribution maps (a-f) for P, S, Ca, Zn, Cd, and Pb across an area of chloragogenous tissue depicted by
the continuum or mass-density map (g). The concentration scales for each map are presented together; although the concentration ranges
between maps differ, the pixel colors in each case are in the same descending concentration order: white > pink > red > orange >
yellow > green > blue. (The concentrations correspond approximately to mmol kg-1 of wet weight, because tissue water was replaced
during preparation with a resin of mass-density similar to that of water.) Note that the highest local Cd concentrations (e) occur in
compartments with high average S contents (b) and that they are spatially distinct from the P+Ca+Zn+Pb-rich (a, c, d, f), electron-opaque
(g) organelles; the perimeters of the most prominent Cd + S compartments have been outlined manually on each map for comparative
purposes. Scale marker ) 1 µm.
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to identify and interpret relationships in the EPXMA dataset.
PCA (Figure 4a-c) confirmed the general observation (Figure
2) that Ca, Pb, and Zn are probably codistributed in a P-rich
chloragocyte compartment and that Cd is codistributed with
S in a compositionally distinct organelle. The partitioning of
the metals and their major anionic elements is underlined
by the distinct “clustering” along the negative-slope diagonal
in the component 1 versus component 2 plot (Figure 4a). Pb,
although tightly clustered with Ca, P, and Zn along the axes
of components 1 and 3, is an outlier in the second component
(Figure 4b,c). Similarly, Cd and S are separated to some extent
in the first and, especially, in the third components (Figure
4a-c), probably indicating that S is an endogenous constitu-
ent of diverse biological molecules distributed in most cellular
and intercellular locations.

Regression analysis (Figure 5) of Cd and S concentrations
in the pixels delineating Cd-containing organelles in the
EPXMA map yielded the relationship Cd ) -0.0294 + 0.425S
(R2 ) 0.74; n ) 23). The mean measured Cd:S molar ratio in
these plotted pixels was 0.36 (SD ) 0.127), a value slightly
less than the linear regression slope of 0.43.

XAS of Whole Earthworms. The X-ray absorption spec-
trum comprises the X-ray absorption near edge structure
(XANES), which includes the region from ca. 20 eV below the
absorption edge to 50-100 eV beyond the edge, and the
extended X-ray absorption fine structure (EXAFS) region, from
ca. 20 eV above the edge to ca. 700 eV above the edge (Cd
and Zn) or to ca. 450 eV above the edge for the Pb spectrum.
The XANES spectrum is very sensitive to the coordination
environment and can be used to identify the species present

FIGURE 2. Binary (i.e. two superimposed) qualitative X-ray distribution maps created by converting the individual quantitative maps in
Figure 1 into one of three pure (concentration unrelated) colors: Ca, Cd, Zn, and Pb (red), P (green), S (blue). Where the fidelities of the
colors are retained in a map, the paired elements are not codistributed (P-S, Cd-P, Zn-S); where the fidelities of the colors are lost,
the paired elements occupy the same subcellular compartment(s) (Ca-P, Zn-P, Pb-P, Cd-S). (The spatial resolutions of the maps and
the dimensions of the mapped area can be estimated from Figure 1.)
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by comparison with the XANES spectra of model compounds
having known structures. The EXAFS region can be analyzed
to provide distances of surrounding atoms (scatterers) from
the central (Cd, Zn, or Pb) atom and also to give approximate
numbers of scatterers. The Fourier transform of the EXAFS
spectrum provides an approximate radial distribution profile
from the central atom of shells of scatterers.

The XANES spectra for each element are shown in Figures
6a-8a together with those for model compounds. Figures
6b-8b show the best fits to the XANES spectra obtained by
modeling the earthworm spectra as linear combinations of
model compound spectra. Numerical parameters obtained
from fitting the XANES and EXAFS spectra are given in Table
3.

The XANES spectrum for Cd (Figure 6a) shows similarities
to those of CdS and two Cd-metallothioneins from Hasnain
et al. (27), but dissimilarity with Cd-O bonded complexes,

for example CdSO4 or Cd(OH)2. The best fit to the XANES
spectra was given with the cadmium-thiol complex
[P(C6H5)4]2[Cd(S(C6H5))4] (Table 3). The Fourier transform of
the Cd EXAFS indicates a shell of scatterers at ca. 2.5 Å, and
the best fit was given by coordination with four sulfur
scatterers at 2.53 Å (Table 3). This Cd-S distance is in close
agreement with other Cd-S distances determined experi-
mentally by EXAFS, for example, 2.53 Å for a rabbit Zn2-
Cd5-metallothionein (27), or by X-ray diffraction, for example,
2.52 Å for CdS (hawleyite and greenockite). In addition, the
absence of outer shells in the EXAFS suggests light elements
(which are poor scatterers and therefore give weaker EXAFS
signals than heavier elements such as Cd) bonded to the
sulfur in the ligand (e.g. an organic molecule) rather than a
metal sulfide precipitate.

The XANES spectrum for Zn (Figure 7) gave the best fit
(Table 3) with a mixture of 40-45% cysteine (S-type) binding
and 55-60% phytate (O-type) binding. The Fourier transform
of the zinc EXAFS spectrum clearly shows two components
contributing to the inner coordination sphere, and the EXAFS
was fitted as a mixture of oxygen-bound and sulfur-bound
zinc species (Figure 9). The best fit found by refining the
relative proportions is with 40% S and 60% O ( 10%. The
Zn-S distance of 2.32 Å is typical of zinc sulfides such as
sphaelerite and wurtzite and also in a range of metallothio-
neins (27). Oxygen scatterers refined to a distance of 1.95 Å,
typical of tetrahedral coordination, for example in zincite,
ZnO. The presence of an outer shell composed of zinc
scatterers at 3.31 Å indicates the possible formation of a
condensed precipitate. This distance is similar to the Zn-Zn
distances in zinc oxide (3.21-3.25 Å), suggesting that the
precipitate may be an oxide phase.

TABLE 2. Summary of Stepwise Regression Analysis of EPXMA Data (n ) 2816) for Caa (with Cd, P, Pb, S, and Zn as predictors)
and Cda (with Ca, P, Pb, S, and Zn as predictors)

step regression equations summary statistics

for Ca
1 Ca ) -2.551 + 1.313Zn R2 ) 0.83, T ) 117.7, P <0.001
2 Ca ) -5.849 + 0.969Zn + 1.135Pb R2 ) 0.86, T ) 25.07, P <0.001
3 Ca ) -9.748 + 0.723Zn + 1.059P + 0.323Pb R2 ) 0.87, T ) 15.15, P <0.001
4 Ca ) 1.996 + 0.068Zn + 0.850P + 0.466Pb - 0.336Cd R2 ) 0.88, T ) -19.31, P <0.001
5 Ca ) 4.666 + 0.600Zn + 0.846P + 0.512Pb - 0.228Cd - 0.211S R2 ) 0.89, T ) -7.62, P <0.001

for Cd
1 Cd ) -1.699 + 0.798S R2 ) 0.40, T ) 43.09, P <0.001
2 Cd ) 9.812 + 0.802S - 0.157Ca R2 ) 0.54, T ) -29.65, P <0.001
3 Cd ) 9.956 + 0.733S - 0.227Ca + 0.125Pb R2 ) 0.55, T ) 6.86, P <0.001
4 Cd ) 10.947 + 0.729S - 0.182Ca + 0.134Pb - 0.231P R2 ) 0.55, T ) -6.30, P <0.001
5 Cd ) 11.199 + 0.728S - 0.157Ca + 0.160Pb - 0.210P - 0.070Zn R2 ) 0.56, T ) -3.37, P <0.001

a Ca and Cd were chosen as the dependent variables because they are characteristic constituents of chloragosome granules and cadmosomes,
respectively. b The regression equation for Ca with P as the sole predictor is Ca ) 0.00801 + 3.21P (R2 ) 0.70), indicating that P has a lower
association with Ca than Zn.

FIGURE 3. Scree plot (eigenvalue versus component number) of the
EPXMA data prior to PCA.

FIGURE 4. PCA plots derived from untransformed elemental concentrations derived from each pixel (n ) 2816) in each of the quantitative
X-ray distribution maps presented in Figure 1.

VOL. 39, NO. 19, 2005 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 7735

http://pubs.acs.org/action/showImage?doi=10.1021/es050648h&iName=master.img-002.png&w=227&h=132
http://pubs.acs.org/action/showImage?doi=10.1021/es050648h&iName=master.img-003.png&w=472&h=126


The XANES spectrum for Pb (Figure 8) does not appear
to be similar to any of the model compounds present,
although the best fit was obtained with hydroxypyromorphite
[Pb5(PO4)3OH] (Table 3). The best fit to the EXAFS was
obtained with 6-fold coordination by light element(s) (N or
O) with atoms at between 2.30 and 2.91 Å. Together with the
absence of outer shells in the EXAFS Fourier transform, this
suggests that Pb is in a very unsymmetric form, either
organically bound or a disordered inorganic structure, typical
of oxygen-bound lead compounds.

Discussion
Before discussing the observations, it is germane to em-
phasize the fundamental differences and complementary
capabilities of the two generic analytical techniques used in
the study. Both techniques measure X-ray signals emanating
from a specimen. EPXMA is essentially a cytochemical device
able to detect, localize, and measure elements with high
spatial resolution, on one hand, in relation to fine-structural
images of the (thin) specimen, on the other hand. It is ideally
suited to create multielement maps across the two-
dimensional landscape of a selected cellular area, but it is
incapable of detecting redox states and distinguishing
between “bound” and “free” ion phases. The spatial precision
of EPXMA in its transmission electron microscope mode,
allied with the long acquisition times for quantitative X-ray
mapping and the physical constraints on specimen size
imposed by cryopreparation, conflate inevitably to give a
very restricted perspective of metal compartmentation and
relationships within the whole receptor organism. In the
present study, EPXMA was limited to the earthworm chlor-
agogenous tissue, a tissue noted for its prodigious metal-
sequestering capacity (20). XAS, in comparison, is indifferent
to morphological structure but highly discriminating of
atomic structure, including coordination number, bond
distances, and type of near-neighbors surrounding specific
element centers. It, therefore, “averages” the coordination
chemistries of selected metals across the tissue and cellular
heterogeneities that constitute and characterize whole
metazoan organisms such as earthworms. Thus, EPXMA is
a compartment-defining tool and XAS a speciation-defining
tool; both comment, with greater (XAS) or lesser (EPXMA)
precision, on metal partitioning among ligand types.

FIGURE 5. Linear regression analysis of Cd versus S concentrations
(mol kg-1 of dry weight) in 23 corresponding pixel pairs representing
three unequivocal cadmosome compartments in the quantitative
EPXMA maps (see Figure 1).

FIGURE 6. (a) XANES spectra for (i) Cd in whole earthworm, (ii)
[PPh4]2[Cd(SPh)4], (iii) Cd7-metallothionein, (iv) CdS, (v) Cd(OH)2,
and (vi) CdSO4; (b) Cd in earthworm (solid line) modeled with 100%
metallothionein (broken line) with residual (alternating dots and
dashes).

FIGURE 7. (a) XANES spectra of (i) Zn in whole earthworm, (ii)
Zn-cysteine, (iii) Zn2Cd5-metallothionein, (iv) Zn-phytate, (v)
Zn3(PO4)2, and (vi) Zn-hopetite. (b) Zn in earthworm (solid line)
modeled with 45% Zn-cysteine and 55% Zn-phytate (broken line)
with residual (alternating dots and dashes).
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The data obtained by XAS provides additional insights
into the elemental associations from EPXMA. Both techniques
showed that Cd is coordinated with S, and the measured
Cd-S bond distance in XAS suggests a metallothionein-type
ligand. This is consistent with molecular genetic and im-
munohistochemical observations indicating that a significant
proportion of the earthworm Cd burden is sequestered by
cysteine-rich metallothioneins (MT) (10, 11, 28-30). More-
over, the glycosylation of one earthworm isoform, w-MT2,
isolated from Lumbricus rubellus provides a mechanistic basis
for the delivery and internalization of Cd-MT by a target
compartment (29). However, EPXMA data imply the probable
existence of another Cd-S phase coexistent with Cd-MT in
the discrete chloragocyte organelle that has been loosely
referred to as the “cadmosome” (9). The mean measured
Cd:S molar ratio of 0.36 is higher than the calculated ratio
of 0.29 [based on the reported (29) earthworm MT content
of 21 S-containing amino acids, 20 cysteine + 1 methionine,

per molecule, and 6 Cd atoms per MT molecule (10)]. Loading
with a proton-seeking dye, Neutral Red, provides cyto-
chemical evidence that the “cadmosome” is an acidic
organelle (30). Mature lysosomes typically have a lower pH
on the order of 4.5, but it is unlikely that Cd dissociates from
MT under these conditions. Stürzenbaum et al. (10) showed,
by in vitro proton titrations, that recombinant w-MT2
becomes 50% saturated at pH 2.8 following a steep inflection
at pH ∼3.5. A possible alternative fate of MT within the
cadmosome is its enzymatic hydrolysis, with the precipitation
of Cd with S in some form. Such a scenario allows for the
continued detoxification by sequestration and entrapment
of Cd within the organelle. Neither is the hypothesis
inconsistent with the relatively long half-life of accumulated
Cd in earthworm tissues (31). Moreover, the hypothesis does
not entirely contradict our EXAFS observations, especially if
the Cd-MT phase is dominant across all earthworm tissues.
Finally, the close similarity of Cd-S(MT) and CdS bond
distances gives credence to the possibility that minor Cd-S
inorganic EXAFS signal may be convoluted with a stronger
organic signal.

TABLE 3. XANES and EXAFS Analyses for Whole Wormsa

XANES EXAFS

edge % model 1 % model 2 fit index
type of

scatterer
no. of

scatterers
interatomic
distance (Å)

2σ2

(Å2) R-factor

Cd 100 metallothionein - 0.00012 S 4.0 2.54 0.011 27.5
Zn 45 cysteine 55 phytate 0.00056 O 2.4 1.95 0.006 40.1

S 1.6 2.31 0.019
Zn 4.0 3.31 0.036

Pb 100 hydroxylpyromorphite - 0.00014 O 1.0 2.30 0.018 36.4
O 2.5 2.51 0.023
O 2.5 2.91 0.031

a Fit index of the calculated with the experimental XANES spectra is defined as Σ[(Iobs - Icalc)2]/n, where n is the number of points in each spectrum
(26). For EXAFS 2σ2 is the Debye-Waller-type factor and the R-factor indicates goodness of fit.

FIGURE 8. (a) XANES spectra of (i) Pb in whole earthworm, (ii)
hydroxypyromorphite, (ii) pyromorphite, (iii) galena, (v) cerussite,
(vi) anglesite, (vii) PbO, and (viii) PbO2. (b) Pb in earthworm (solid
line) modeled with 100% hydroxypyromorphite (broken line) with
residual (alternating dots and dashes).

FIGURE 9. (a) Zn K-edge k3-weighted EXAFS of whole worm (solid
line) with the best fit (40% S-coordination and 60% O-coordination,
broken line) and (b) corresponding phase-shifted Fourier transforms.
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For Zn, EXAFS observations indicated binding to both S-
and O-donating sites, respectively. This was not unexpected,
given that Zn assumes multiple geometries with varying
coordination numbers (32) and is considered a “borderline
metal” (33), displaying the ligand affinities of both “hard”
and “soft” metals under particular, but ill-defined, circum-
stances in biological systems. EXAFS detection of Zn-thiol
binding in worms with a high Cd content is an important
observation. It indicates that the nonessential metal, whose
affinity for sulfydryls exceeds that of Zn (34), fails to block
Zn-MT involvement in a plethora of crucial cellular activities
(35). The segregation of the whole-earthworm Zn burden
into two distinct major phases was not, however, apparent
in EPXMA of chloragocytes. Chloragocytic Zn seems strongly
codistributed with Ca, a strong O-seeking metal, in a P-rich
compartment. Given the Zn affinity for sulfydryl groups and
the Zn-inducibility of MT expression (32), it is surprising
that Zn was not detectable by EPXMA in the so-called
cadmosomes of D. rubidus, even though the Zn body burden
was much elevated over reference values (see ref 36). A
functional interpretation may explain the apparent conflict
between cell-specific EPXMA and tissue-aggregate (i.e. whole
worm) EXAFS Zn observations.

Metal-thiol stability considerations dictate that Cd intru-
sion into cells will tend to displace Zn when the two metals
compete for common ligands. The high endogenous content
of Ca/P-containing organelles (36), so-called chloragosome
granules, in chloragocytes may provide abundant Zn-
sequestration sites that obviate the need for Zn-induced
w-MT2 upregulation. Zinc trafficking within chloragocytes,
even possibly from chloragosome stores to Zn-dependent
enzymes and nonenzyme proteins, may be a function of a
second MT isoform, w-MT1, that, unlike w-MT2, is not
glycosylated (29) and has more pH-labile Cd clusters (10).
Preventing Cd binding to w-MT1 at the expense of Zn-MT1
binding is a physiological challenge for earthworms inhabit-
ing Cd-polluted soils. The probable unusual nature of MT
gene transcription in earthworms (11) may contribute to this
adaptive metal-metal discrimination. Moreover, the pos-
session in chloragocytes of high-affinity w-MT2 that is
internalized by cadmosomes, together with a constitutive
Zn-O sequestration/storage organelle, may preserve Zn-
MT1 functional capacity. Whether reduced glutathione can
participate in the release and transfer of Zn from Zn-O to
Zn-S (MT1) ligands in earthworms, as it is in the Zn transfer
from enzymes to thionein in vertebrates (37), is presently
unknown. While the chloragocyte may be a major target cell
for Cd sequestration by w-MT2, the ubiquitous essentiality
of Zn homeostasis suggests that Zn-MT1 is constitutive, albeit
at relatively low expression levels, in the majority of
earthworm tissues. Low, but widespread, cytosolic Zn-S
concentrations would probably register in EXAFS but would
be locally undetectable by EPXMA.

EPXMA indicated an association of Pb with Ca, Zn, and
P in chloragosomes. XANES and EXAFS data are supportive
to the extent that neither technique found Pb-S coordination.
EXAFS clearly showed that the Pb complex is not crystalline
pyromorphite, previously found in contaminated soils and
plant roots (38, 39), although the XANES profile is very similar.
XAS indicated that, despite the uncertainty about the precise
identity of the Pb-binding ligand, it is probably an oxygen
donor or a mixture of oxygen donor ligands. The chlor-
agosomal compartment is voluminous, but its capacity for
Pb sequestration is finite, especially since it also sequesters
Ca and Zn. Wallace et al. (40) recently hypothesized that
metal tolerance in animals might reflect the ability to partition
the metal among “detoxified” and “nondetoxified” compart-
ments. A corollary of this hypothesis is that animals, metal-
resistant or otherwise, overloaded with excessive metal
burdens will experience a “spillover” from detoxification

compartment(s) into the vulnerable nondetoxification com-
partments. XAS provided no evidence of Pb spillover from
the metal-loaded chloragosomes of D. rubidus, much as Cain
et al. (14) found no metal spillover in aquatic insects living
in a polluted river. However, EPXMA of earthworm chlor-
agocytes indicated that the correspondence of Pb with Ca
and P is not as strong as that of Zn. This could either be
interpreted as indicative of spillover or of a second, hitherto
unidentified, sequestered-Pb pool.

In conclusion, metal bioavailability can generally be
described by a “three-compartment model” of interlinked
equilibria or processes (5). The first compartment is es-
sentially physicochemical and related to solid-phase T water
partitioning in the environment surrounding soil- and
sediment-dwelling organisms; the second compartment is
the equilibration between the receptor organism and envi-
ronmental metals at the absorptive (i.e. metal uptake)
surfaces; the third compartment represents the “sequestered”
T “free” metal equilibrium within the tissues, cells, and body
fluids of the receptor. Well-characterized, indirect chemical
measurements of metal bioavailability and speciation are
available to probe compartment 1 in freshwater sediments
(41), marine sediments (42), and soils (6, 43). Such measure-
ments have led to the formulation, for freshwater systems,
of biotic ligand models (BLM) that predict the toxic effects
of a metal from measured site-specific physicochemical
parameters (44, 45). In principle, BLMs could be derived for
earthworms despite the complexity and heterogeneity of soil
matrixes, as implied by recent studies defining the Cu
relationships of a collembolan (46) and establishing soil
critical limits based on free ion concentrations (47, 48),
respectively. Compartment 2 relationships have received
sparse direct investigations in terrestrial invertebrates (15),
although Oste et al. (49) and Saxe et al. (50) presented models
describing metal accumulation, if not uptake, by earthworms.
Compartment 3 relationships are least well understood in
aquatic and terrestrial biota, although they are of fundamental
ecotoxicological significance because they determine the
proportion of the accumulated body burden of a metal able
to react either indiscriminately or specifically with bio-
chemical targets. For this reason, the notion of “toxicoavail-
ability” or “bioreactive fraction” has been associated with
compartment 3 considerations. Furthermore, metal seques-
tration and speciation within a burrowing, detritivorous,
receptor like the earthworm has wider ecological implications,
because it may impact the trophic transference of metals
(e.g. ref 40). By exploiting, in the present study, the
complimentary techniques of EPXMA and XAS we are closer
to being able to develop information-based, metal-specific
models of compartment 3 to, ultimately, facilitate the linkage
between equilibrated body burdens and biomarker responses
in earthworms.
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