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Response of metallothionein concentrations in a freshwater
bivalve (4nodonta grandis) along an environmental cadmium gradient
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Abstract

Surficial (oxic) sediments, overlying water, and specimens of the freshwater bivalve Anodonta grandis
were collected by divers at 11 littoral lacustrine sites located along a geochemical gradient of pH, [Cd].
[Cul, and [Zn} in an area influenced by mining and smelting activities. The melluscs were dissected (gills;
hepatopancreas; remaining tissues) and analyzed for Cd, Cu. Zn, and metallothioneins (MT). Tissue
concentrations of MT in A. grandis varied between 100 and 440 nmol metal binding sites (g dry wt)~F.
Metaliothionein levels in the gills, the remaining tissues, and she whole organism were significantly
correlated (P = 0.0 with tissue Cd concentrations. In contrast, correlations between [MT] and tissue
levels of Cu or Zn were weak or nonexistent. The intersite variations in MT concentrations were best
related, not 1o total dissolved metal concentrations at the time of sampling, nor to extractable metal
concentrations in the sediments, but to the free Cd?*t concentration at the sediment—water interface, ag
estimated from sediment-water sorptive equihibria. These observations suggest that Cd** activity is the
kev environmental factor fo which metallothionein levels in A. grandis are responding in the studied
iakes. The motlusc condition indices (C.1. = 1,000 x total dry wt of flesh of the animals/total intervalval

volume) deteriorated as « d concentrations m the tissues increased.

Freshwater and marine molluscs are recog-
nized for their capacity to concentrate metals
from their environment (Phillips 1980). Their
tolerance of the resulting metal burdens has
been attributed to the existence of an effective
detoxification mechanism involving the trap-
ping of the incoming metals by specific ligands
present in the ¢ytosel (Viarengo 1989). Pos-
sible candidates for this role include metallo-
thioneins (MT), low-molecular-weight, cyste-
ine-rich metal-binding proteins with high
afhnity for group IB and IIB metal ions. Sta-
bility constants measured in vitro for metal
ions such as Cd**, Cu?*, Hg**, and Zn?" are
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usually several orders of magnitude higher than
those of the comparable metal complexes with
other celtular ligands,

Giiven its ubiquity in the animal kingdom
and its strong affinity for “soft” metal cations,
MT is well positioned to play a metal detox-
ification role (Stegeman et al. 1992). Consis-
tent with such a role is the observation of en-
hanced metal tolerance associated with the
induction of metallothionein. Thus, prior ex-
posure of the marine mussel AMvtilus edulis in
the laboratory to Cu, Cd, or Zn at concentra-
tions sufficient to induce metallothioneinlike
proteins conferred increased tolerance to in-
organic Hg (Roestjadi and Fellingham 1987).
Similar results have been reported for fresh-
water fish (Klaverkamp and Duncan 1987;
NRCC 1985).

However, most of the available evidence
supporting the idea that aquatic organisms
synthesize metallothionein as a defense against
toxic metals derives from laboratory trials
where exposure conditions can differ greatly
fiom those encountered in natural environ-
ments. In particular, metal concentrations
shown to induce MT synthesis in laboratory
experiments are often orders of magnitude
higher than those found in even the most con-
taminated aquatic systems where the studied
organisms are found. Other putative functions
have been proposed for metallothionein: as a
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Zn- and Cu-transfer protein, as a free-radical
scavenger, as a stress protein (response to heat
stress, starvation, bacterial infection, etc.), and
as a cysteine reservoir (Engel and Brouwer
1987; Bremner and Beattie 1990; Hidalgo et
al. 1991). The diversity of roles attributed to
MT and the perceived artificiality of the lab-
oratory experiments have casi doubt on the
primary involvement of MT in metal detoxi-
fication in aquatic animals living in their nat-
ural environments (Cosson et al. 1991}

An important criterion of an effective de-
toxification system is that its activity increase
as a function of toxicant concentration (Simkiss
et al. 1982). In the present study, we have ex-
amined the hypothesis that metallothionein
concentrations in the freshwater mollusc 4n-
odonta grandis respond in a dose-dependent
manner to increasing Cd bioavailability in the
environment. A companion study (Tessier et
al. 1993) examined the partitioning of Cd be-
tween the bottom sediments and the overlying
water, gave details of the geochemical model
used to estimate the environmental [Cd** ] gra-
dient, and explored relationships between
[Cd?*] and Cd tissue concentrations in A.
grandis.

Study area

A preliminary survey in the mining area of
Rouyn-Noranda in northwestern Québec in-
dicated the presence of both the required spa-
tial gradient of metal contamination dand an
appreciable bivalve population along this gra-
dient. Major mining and smelting operations
have been carried out in the region since 1927,
According to data available for 1977, annual
atmospheric emissions from the smelting
complex included 483,000 t of 8O,, 75 t of
Cd, 34 tof Cy, 1,540 t of Pb, 610 t of Zn, and
16 t of Hg. Lesser emissions of Bi, Co, Fe, Ni,
Sb, Se, and Te were also reported (BEST
1979a). Air and water poliution controls have
recently been introduced, but surficial sedi-
ments in the surrounding lakes still reflect their
history of contamination.

Eleven lakes, representing a wide range of
Cd, Cu, and Zn contamination, were chosen
along the spatial gradient identified in the pre-
Hminary survey., Sediment, overlying water,
and bivalves were collected from 1225 June
1989 at a single littoral site in each lake (Fig.
1). The principal source of metal contamina-
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tion for these lakes is thought to be atmo-
spheric deposition from smelter emissions,
since no mining operations or mine residues
are evident in the immediate lake catchments.
Dunng the weather conditions normally pre-
vailing in the region, 9 ofthe 11 sites are down-
wind from the smelting activities in Rouyn-
Noranda (Fig. 1}.

All the lakes studied lie at elevations of <300
m on glaciolacustrine deposits (rich in clay and
silt) left by the postglacial lake Barlow-Ojib-
way. Higher elevations in the region are usu-
ally dominated by Precambrian igneous and
metamorphic rocks [surficial geology map No,
1639A (Geol. Surv. Can.; Energy, Mines and
Resources Canada)].

Methods

Sediment sampling and analyses— At each
sampling site, SCUBA-equipped divers col-
lected three or four sediment cores within the
area of bivalve collection. The cores were ex-
truded on shore and samples of the uppermost
0.5 cm, ie. from the oxidized layer, were
pooled, placed in acid-cleaned polypropylene
centrifuge bottles, covered with lake water,
transported to the laboratory at ~4°C, and
stored at —20°C until analyzed (within 1
month). Before analysis, the samples were
thawed, centrifuged at 13,700 = g for 30 min,
and the supernatants discarded. After removal
of any visible large fragments with polypro-
pylene tweezers (e.g. pebbles, shell fragments,
roots), an amount of wet sediment correspond-
ing to ~1 g dry wt was extracted for 6 h at
96°C with 0.04 M NH,OH HCl in 25% (vol/
vol) acetic acid. This single extraction should
release nondetrital metals assoctated with car-
bonates and amorphous Fe- and Mn-oxyhy-
droxides or adsorbed to particulate organic
matter (NRCC 1988). A second set of sedi-
ment samples, collected in a similar manner
at the same sites as part of the companion
study (Tessier et al. 1993), was used to deter-
mine the geochemical variables needed to es-
timate the partitioning of Cd in the surficial
sediments and [Cd**] at the sediment—water
interface (i.e. organic C, amorphous {Fe-ox}
and total Cd, {Cd}1). Note that { -} and [-]refer
here and elsewhere in the text 1o concentra-
tions of solid and dissolved species respec-
tively. B

Coneentrations of Fe, Cd, Cu, and Zn in the
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sediment extracts were measured by flame
atomic absorption spectrophotometry (AAS)
{Varian Spectra AA-20). The Hg content of
the sediments was determined, after acid di-
gestion (HNQ;) and reduction (SnCl,) steps,
by cold-vapor AAS (Varian AAVGA 76). Sed-
iment organic C concentrations, {C-org}, were
determined by combustion (Carlo-Erba CNS
analyzer, model NA 1500) after removal of
inorganic C by acidification with 0.05 M H,S0,
(15 min, 100 ml per g sediment dry wt).
Water sampling and analyses —Water sam-
ples for determination of total dissolved met-
als ([Cd]y, [Culy, and [Zn],) were collected on
one occasion at each lttoral sampling site. For
all the lakes except Joannés and La Bruére,
divers collected samples from ~10 cm above
the sediments in clean Teflon bottles. Each
sample was filtered in the field through a pre-
washed polycarbonate membrane (0.4 um,
Nuclepore). The first 4-mi portion of the fil-
trate was discarded and a subsequent 2-ml vol-
ume was transferred to a clean Teflon boitle
and acidified with 200 pl of ultrapure HNO,
(J. T. Baker Chemical Co., Ultrex grade, 0.1
™). For Joannés and La Bruére, dissolved met-
al concentrations were obtained by in situ di-
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Locations of sampling stations, Average wind directions at the Rouyn-Noranda smelting complex are also

alysis in summer 1987 and 1988 respectively
(Tessier et al. 1993). Metal concentrations were
measured by flameless AAS (Varian Spectra
AA-30 equipped with a GTA-96 graphite tube
atomizer).

Values obtained for a certified reference wa-
ter sample (SLRS-1, Riverine water reference
material, NRCC) were within 7% of the cer-
tified values for Cu and Zn; the Cd concentra-
tion in the reference sample was too close to
our analytical detection lmit to allow mean-
mgful comparison. Deionized water blanks that
had been taken into the feld and carried
through the filiration and preservation pro-
cedures showed low but nonnegligible contam-
ination (Cd: 0.2 nM; Cu: 4.6 nM: Zn: 10 nM).
In addition, refiliration of a filtered sample
(Lake Héva) through a second polycarbonate
filter had no effect on the measured trace metal
concentrations, suggesiing that adsorpiive
losses during the filtration step itself were un-
important.

Special care was taken 1o avoid sample con-
tamination, especially by Zn. All the plas-
ticware was soaked for 24 h in 5% HNOQ,, then
in 7% HCI, and finally rinsed thoroughly with
deionized water. The membrane filters were
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mounted in their holders under a laminar flow
hood in the laboratory. These assemblies were
placed in low-density polyethylene bags and
used in the field only once. Contact time of the
sample with the ambient air was kept to a min-
imum.

Water samples for determination of pH, al-
kalinity, Ca, and dissolved organic C (DOC)
were collected at ~ 10 cm above the sediments
in acid-cleaned polyethylene bottles washed
with the lake water at the time of collection.
Samples for pH measurement were collected
with the same procedure on several other oc-
casions during the summer in order to obtain
time-averaged pH values, mean pH = —log,;
(Z[H*]/N). Ca was determined by flame AAS
with the addition of a La-Cs ionic suppressor
(2,000 mg liter—*). DOC was measured by per-
sulfate-UV oxidation followed by conducti-
metric determination on a Technicon auto-
analyzer of the CO, released. Alkalinity was
evaluated by Gran titration.

Bivalve collection and analysis— At each site,
divers collected 20 actively filtering specimens
of A. grandis of uniform size (nominal length,
~8 ¢m; actual means ranged from 7.3 to 8.5
cm). Sampling was done in June {0 avoid pos-
sible complications due to the reproductive
cycie; none of the animals were gravid. The
sampling areas at each individual site ranged
from 300 to 1,500 m? ¢approx radius, 10-22
m). The bivalves were dissected within 12 h
of collection into three tissue groups: gills, he-
patopancreas, and remaining tissues {mantle,
foot, visceral mass, labial palps, kidneys, heart,
muscles—hereafier referred to as the “body™).
Tissues from five animals were pooled (yield-
ing four replicate samples per site), sealed in
polyethylene bags filled with nitrogen, and
stored at —40°C until the homogenization step,
carried out 2 weeks to 5 months later. The gut
contents of the animals were removed during
the dissection step by flushing the digestive
tracts with deionized water to minimize the
influence of ingested particulale material on
estimates of pollutant body burdens (Hare et
al. 1989).

Partially thawed tissues were homogenized
with a tissue grinder (Brinkman Kinematica
CH-6010) in an equal weight of ice-cold (.9%
NaCl solution (for the hepatopancreas, 4 X
weights were used), Homogenization was per-
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formed in a glove bag filled with nitrogen (At-
mosbag, Aldrich Chem. Co.) to minimize 0%~
idation of MT during this step, and the
homogenized tissues were kept on ice. A sub-
sample (3 ml) was centrifuged at 30,000 x g
for 30 min at 4°C and the supernatant analyzed
the same day for metallothionein by the Hg-
saturation method described below. Addition-
al subsamples of the whole homogenate were
retained for determinations of Cd, Cu, and Zn
concentrations and to determine the {dry wt:
wet wt} ratio. The following condition index
was calculated for each replicate (Davenport
and Chen 1987):

total dry wt of flesh (g)
total intervalval volume (mil)

x L000, (1)

This index is widely used and involves mea-
surements that are easily performed.

Metallothionein concentrations in the var-
ious tissues were measured with a mercury-
saturation assay, in which samples were in-
cubated with excess *“*Hg in the presence of
10% trichloroacetic acid (Fig. 2). The meihod
was shown by Dutton et al. (1993} to be simple,
specific, and rapid; they demonstrated suc-
cessful displacement of Cu (96% release), Zn,
and Cd by Hg in trials with rainbow trout (On-
corhynchus mykissyhepatic MT, known to have
a bigh Cu content. The characteristic overes-
timation of MT observed in the original meth-
od of Piotrowski et al. (1973) was overcome
by Dutton et al. in the modified assay by add-
ing an exogenous protein {egg albumin) to
scavenge Hg bound to cytosolic ligands other
than MT.

The Hg-saturation assay we used was adapt-
ed slightly from that of Dutton et al. (1993).
Fresh rat hemoglobin was substituted for egg
albumin as the exogenous protein; it formed
firmer pellets on centrifugation, which facili-
tated withdrawal of the supernatant for
y-counting. Sample dilution series recom-
mended by Dutton et al. to detect nonspecific
metal binding (at the ¢nd of the assay) were
used in preliminary assays with various mol-
lusc tissues. Because nonspecific binding was
unimportant, serial dilution was not per-
formed on a rouwting basis. With the adapted
assay, recovery of an internal standard of com-
mercially available rabbit hver MT (Sigma
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HOMOGENIZATION
{N, atmosphere)

<m==e centrifugation
(30 000 % g; 30 min; 4°C)

SUPERNATANT
200 ul (4 replicates)

<=== 200 Ml of a solution con-
taining 10 pgg "ceold® Hy, a
known activity of Hg, in

TCA 10%
Hg Hg Hg GSH CYSTEINE P, P, Py P, ,
+
\ s I | | ! | Hg
Hg~MT -~Hg Hey Hg Hg Eg Hg Hy
s
Hg Hg
<=== 400 pl of hemolyzed rat
blood (source of Hb)
Hg Hg Hg  GSH CYSTEINE ] B, PT P,
i | I I
Hg-MT ~Hg Hg  Hg
| SHB(
Hg Hg Hg Ry
<=== denaturation of Hb,P? P, P;,
P, in contact with the acidic
medium; centrifugation
10 000 x g; 15 min
Hg Hg Hg
SUPERNATANT Hg-MTZHg
Eg Hg
Measurement of “®Hg by y spectrometry

Calculation of a molar binding capacity
{(nmcl metal-binding sites g ' tissue)

(see te r_details)

Fig, 2. Flow diagram for the **Hg-saturation assay for measuring metallothioneins., Abbreviations: GSH—gluta-
thione; Py, P,, P;, P,—supernatant labile proteins and enzymes; Hb—hemoglobin; TCA —trichloroacetic acid.

Co.), added to a meollusc tissue homogenate
preparation before 2*Hg addition, averaged
56+ 1% (N = 4), In addition, MT concentra-
tions determined in tissues that had been stored
for 15 or 60 d at —40°C under a nitrogen at-
mosphere were indistinguishable from those

determined at ¢ = 0 on fresh samples of the
same tissues; we conclude that the tissue pres-
ervation procedure was appropriate.
Metallothionein concentrations are ex-
pressed as nmoles metal binding sites per gram
of dry tissue weight (based on measured Hg-
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binding capacities). Concentrations in the
whole organism, [MT(org)] were calculated as

Z[MT(tissue)}, W,

[MT{org)] = S

(2)

where [MT(tissue)}];, is the metallothionein
concentration and W, the dry weight of the ith
tissue. Precision of the mean (SE/mean) for
MT concentrations, as estimated from the four
replicates at each site, ranged from 4 to 20%
{avg 13%), 2 to 39% (avg 17%), 3 to 23% (avg
11%), and 3 to 16% (avg 9%) for the gills,
hepatopancreas, body, and whole organism,
respectively.

For trace metal analyses, an amount of tissue
homogenate corresponding to 100 ug dry wt
was pipetted into a 30-ml Teflon bomb (Parr
Instr. Co.) and preheated for 2 h in an oven
heated at 70°C; ultrapure concentrated nitric
acid (3 ml; BDH Chemicals, Aristar grade) was
then added and the digestion carried out in a
microwave oven (700 W, =2 min) up to a
pressure of 6,900 kPa. Cooled, digested sam-
ples were diluted with deionized water up to
a volume of 25 ml and Cd, Cu, and Zn con-
centrations were determined by plasma atomic
emission spectrometry (Thermo Jarrell Ash,
Atorm Scan 23; sequential reading). Samples
of similar weight of a certified reference ma-
terial (.S, Watl. Inst. Std. Technol.; Oyster
tssue, SRM No. 1566) were digested during
every other apalytical run; measured trace
metal concentrations in the standard varied
little over time (C.V. 1-12%, N = 6) and were
within the certified ranges for each element.
Digestion blanks were also run and no con-
tamination was detected.

Metal concentrations in the whole organism,
[M{org)], were calculated in the same way as
[MT(org)] {Eq. 2). Precision of the mean (SE/
mean), as obtained from the four replicates at
each site, was similar for all tissues: =16% for
Cd, =12% for Cu, and =8% for Zn.

All labware was soaked in 15% nitric acid
for 24 h and rinsed repeatedly in deionized
water before use, in order to minimize trace
element contamination. High purity water for
analytical purposes (>17 Mohms cm™') was
obtained from a commercial system by means
of mized-bed ion exchange, charcoal adsorp-
tion, and filtration (0.2 um) steps.

Statistical analyses--Relationships between
tissue concentrations (MT; metals) and vari-
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ous environmental variables were initially ex-
amined in bivariate scatter diagrams and then
tested by calculating Pearson correlation coef-
ficients (r) and associated probabilities. The
assumption of normality required for use of
the Pearson r-value was generally met with the
nontransformed data.

Results and discussion

Contamination gradient — The sampling area
exhibits an extensive spatial contamination
gradient, as can be judged from Tables 1 and
2. Concentration ranges are greatest for Cd*+
and for Cu and Zn extracted from surficial oxic
sediments with a reducing solution, NH,OH-
HCVHQAC (max : min values = 25). H"-ion
activities, Gran alkalinity values, and dis-
solved Zn also show appreciable interlake vari-
ability, whereas the remaining variables (Ca,
DOC, [Cdl,, [Culy) are somewhat less variable,
As anticipated, the highest sediment metal
concentrations are found in lakes downwind
from the smelting complex (D’Alembert, Du-
prat, Flavrian, Joannés, La Bruére, and Vau-
dray—see Fig. I). The chosen lakes do not
appear to be highly contaminated by Hg (also
a potential inducer of MT biosynthesis); Hg
concentrations in the surficial sediments fall
within the range of sediment background lev-
els for this region: 0.10-0.45 nmol Hg {g dry
wi}~! {(as determined in pre-1900 strata from
lake sediment cores, BEST 19795~—Table 2).

Metal concentrations in the tissues of 4.
grandis also vary along the contamination gra-
dient (Table 3), though to a lesser extent than
do the metal concentrations in the sediments.
Interlake variability in the tissue metal con-
centrations is greater for Cd than for Cu or Zn;
for a given metal, ranges are wider for the gills
than for the other tissues. The relative con-
stancy of the Zn levels in the tissues of A. gran-
dis, despite the presence of an appreciable Zn
gradient (Tables 1 and 2), may reflect its status
as an essential trace element and the existence
of some form of homeostatic control over its
tissue concentrations. Langston and Zhou
{1986) observed that body concentrations of
Cu and Zn in the gastropod Lifiorina littorea
did not respond to fluctuations in environ-
mental Cu gnd Zn contamination along the
coasts of Great Britain.

The tissue concentrations of Cu and Zn re-
ported in Table 3 are not unusual for fresh-
water lamellibranch molluses (cf. Manly and
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Surface areas of the 11 lakes studied and geochemical data for water samples collected close to the sediment—

water interface at each sampling site. Mean pH was estimated from a summer series (June~October).

Gran

Dissoived M (nM)

Lake, {Ca alk. DOC Mean
ares in ha {10+ MY {ueq liter 1} {mg C Lter %} pH Cd Cu Zn
Bousquet, 176 1.05 147 9.7 6.34 2.8 63 205
¥ Atembert, 109 1.19 £73 6.5 7.i4 2.1 161 108
Dufay, 435 0.85 529 7.2 6.51 21 56 53
Dufresnoy, 1,158 1.66 328 10.9 747 1.0 75 49
Duprat, 218 1.88 326 7.7 7.10 1.2 145 162
Flavrian, 308 [.58 108 6.4 7.39 2.7 74 245
Héva, 228 0.59 47 7.1 6.18 2.2 38 142
Joannés, 430 1.70 287 — 7.22 1.1* 51* 42%
La Braére, 388 3.44 298 — 7.33 0.8* 113* 15%
Opasatica, 5,128 1.65 292 6.5 7.39 0.8 56 40
Vaudray, 746 0.90 93 6.3 6.36 i.2 53 174
Max :min 5.8 11 1.7 16¥ 3.5 38 16

* Measurements with pore-water peepers.
F Ratio cafcuiated for [H*}, not pH.

George 1977: 340-1,630 nmol Cug™F, 6,170~
27,800 nmol Zn g '), but the Cd levels are
considerably higher than those found in in-
digenpus populations from uncontaminated
systems, For example, in their study Manly
and George reported values from 4 16 52 nmol
Cd g, well below our range of 140-1,150
nmol g7'. In our companion study values as
low as 25-70 nmol Cd g~ were found for mol-
fuscs in lakes unaffected by mining activities
(Tessier et al. 1993). Malley et al. {1989) de-
termined a whole-body Cd concentration of
=36 nmol (g dry wi)~! for specimens of 4.
grandis from a pristine Precambrian Shield lake
in western Ontario (0.01 =0.001 nM dissolved
Cd). similarly, Segaretal. (197 1) reported con-

centrations of 11, 47, and 1,835 nmol (g dry
wi)~! for Cd, Cu, and Zn for specimens of the
genus Anodonta collected in a lake with very
jow metal contamination in Ireland.
Relationship between metallothionein and
tissue metal levels—Earlier work in our labo-
ratory {(Legrand et al. 1987) demonstrated the
presence of a metallothioneinlike protein in
the gills and the hepatopancreas of A. grandis
specimens that had previously been exposed
to artificially high concentrations of Cd in the
laboratory. This Cd-, Cu-, and Zn-binding
protein was subsequently detected in speci-
mens collected from lakes in the Rouyn-No-
randa mining area. The molecular weight of
this metal-binding protein (=10 kDaltons) as

Table 2. Geochemical data for the surficial sediments from the 11 lakes studied. Estimation of free Cd** concen-
irations from sediment-water sorptive equilibria is described in the text.

iM] extracted
with NH,OR-HC! Total metal Sorbents
tnmol g1} - (nmot g”') {pmot g7) i
Lake iCu} {Zn} {Hg!y {Cd}y {Fe-ox}* {OMIT {amot Titer- '}
Bousquet 28 1,300 0.32 33 207 3,415 1.77
D’ Alembert 162 2,700 0.26 33 119 6,530 0.47
Dufay 25 430 0.12 9.1 88 1,175 .88
Dufresnoy 67 800 0.31 18 126 3,250 0.17
Duprat 114 4,280 0.15 66 86 5,120 0.46
Flavrian 70 2,100 0.15 28 123 4,200 0.12
Héva 25 750 0.16 10 122 1,840 1.43
Joannés F12 2,260 — 62. 120 4,675 0.32
La Bruére 547 1,600 — 36 73 1,095 0.68
Opasatica 54 150 0.10 4.4 41 260 0.28
Vaudray 38 1,200 0.10 38 129 1,885 222
Max :min 22 28 3.3 21 5 25 18

* Amorphous Fe oxyhydroxides extracted from the sediment with NH,GH-HCL

T Organic matter expressed as umol organic C.
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3 S well as its chromatograpl:}ic behavior, UV a!_:)—
3 JIREZRRRIESES o sorbance spectrum, stability after heat and acid
;% Mool elen o elel treatment, polarographic behavior, and
s & coCcoocooooSo - sulthydryl content (ratio of 0.3 -8H group per
& Bl OO —o DD — : . . - . + .
] flf|coamagwmmnange amino acid residue) are all consistent with its
2 g - - designation as a metallothionein (metallothi-
= ;Z ccc2gg8R8ee  © onein class 1 of Fowler et al. 1987).
B g | = AT B O R I o . . .
— Q[r 0 oo o (30D ot )t G0 As in the case of tissue metal levels, varia-
o - tions in metallothionein concentrations along
; PO NgagnY w the contamination gradient are also greater for
< FlanamaZimnasy o the gills than for the hepatopancreas or body
2 (Table 3). For the gills or body considered sep-
= g 2RERR § FE % l% 5 o arately, or for the reconstituted whole organ-
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g NES L SIS T e i ism, MT levels are significantly correlated with
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=z NS ST ety et o0 & - observations do not however rule out the pos-
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P lile|egeggeggres | wdimk : fres!
5 ?‘g E1Y [ww? MRATANGEhm deed, MT concentrations in the body and the
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EE[EIV|YSYETRRZANZ £ satica, Flavrian, Dufresnoy, and Duprat are
=N more than sufficient to bind all tissue {Cd] (Ta-
R g19A E g E ;u? g § § § g § o ble 3), suggesting that complexes other tha}i
=] “ CAd-MT are present (we assume similar stoi-
R oo oooos e chiometries for Cd and Hg binding to MT).
=N SIESE¥ERTIRNNE — The correlation between [MT] and tissue
'g U T e Sl levels of Cd is consistent with the reported
£3 differences in potency of Cd, Cu, and Zn in
e LIS REEERRER - inducing MT biosynthesis in laboratory ex-
£ A PR B S S S S S S periments. For example, Roesijadi et al. (1988)
g % G exposed specimens of the marine mussel M.
EX s ERREEEEREEE — edulis to C4, Cu, or Zn for 28 d and measured
E viagtortTzgeeL & MT concentrations of 20 ug g—! for 89 nM Cd,
€ 3.7 ug g=' for 79 nM Cu, and 1.3 pg g~} for
EEl |g|lsgssnagasggs o 153 nM Zn. They considered Zn to be inef-
£* T e e fective as an inducer of these proteins—the
§ ; .
<L 2|y increase of MT over the baseline level (0.5 ug
) % B i E MT g~*) being minimal., From experiments
! flge 2 ¢ LE8. zlL with mice and rats reported in the Hterature,
& a3 313 E 5:) - ) - @ LW .
5SS gﬁ EEEE g £ g g § Sl 3 Jones et al. (1988) showed that the relative
=g Lo sL 808 T8 i : i i
g BnREASREags = ability of metals to induce metallothionein

synthesis is inversely correlated with their soft-
ness parameter, o,. A soft electron acceptor is
characterized by a high polarizability of its out-
er electronic shell and a tendency to form sta-
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Fig. 3. Scaiter diagrams of metaliothionein concentra-
tions vs. concentrations of Cd, Cu, and Zn in Anodonta
grandis {mean + SE; N = 4}, Pearson correlation coeffi-
cients between whole organism IMT] and whole organism
[Cd], [Cul. and [Zn] are respectively 0.83 (W = 1{; P <
0.01), 0.22 (N = 11; P > 0.05), and 0.2 (N = 1L, P >
0.63). For correspondence between symbols and individ-
ual lakes, see Fig. 1.
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Table 4. Correlations (Pearson’s #) between mean me-
tallothionein concentrations in Anodornta grandis and mean
fissue metal concentrations for specimens collected in lakes
of the Rouyn-Noranda mining area. Asterisks: **—P <
0.01; ¥**—.P < 0.001. (N = 11)

Correiation between [MT] and
iM] for each tissue

[Cé] [Cud f£n}
Giils 0.77%* 0.1z —0.06
Hepatopancreas 0.51 ~0,01 0.24
Body [ ki 0.08 0.47
Whole organism 0.83%* 0.22 0.21

ble bonds with soft ligands, e.g. those contain-
ing free thiol groups, RS, Lower values of o,
correspond to softer ions; o, values for Cd**,
Cu’", and Zn?* are 0.081, 0.104, and 0.115
(Ahrland 1968).

Relationship between metallothionein con-
centrations and the contamination gradient —
Having shown that variations in metallothi-
onein levels in 4. grandis are correlated with
changes in tissue Cd (but not tissue Cu or Zn),
we now test the obvious corollary that metal-
lothionein concentrations should vary in a pre-
dictable manner in response to changes in Cd
bicavailability along the contamination gra-
dient. {(Note that no relationships were found
between [MT] and dissolved or NH,OH-ex-
tractable Cu or Zn; values given in Tables 1
and 2.)

In a parallel field study, carried out along a
more extensive metal contamination gradient
{Tessier et al. 1993; N = 19 sites, of which 10
were common 1o the present study), we found
that variations in Cd levels in the soft tissues
of A. grandis were related to dissolved Cd*+
ion concentrations, [Cd**], at the sediment~
water interface, as computed from lake water
pH and sediment~water sorpiion equilibria.
For example, correlations (Pearson’s r) be-
tween [Cd*"] and Cd concentrations in the gills,
the hepatopancreas, and the whole organism
were 0.78,0.88, and 0.91 (N = 19, P < 0.001).
In contrast, neither total sediment Cd nor ex-
tractable Cd proved to be good predictors of
tissue Cd. With these observations as a starting
point, we can explore potential relationships
between [MT(tissue)] and [Cd] in water.

Benthic invertebrates are exposed to both
dissolved and particulate trace metals and can
in principle accumulate metals directly from
the ambient water and from ingested particles
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(Lnoma 1983; NRCC 1988). For 4. grandis
{and for another filter-feeding bivalve, Elliptio
complanata), circumstantial evidence exists in
suprport of the hypothesis that water is the main
vector for Cd uptake in our study area. In these
species, the gills and mantle are flushed with
large amounts of water and have large surface
arcas. Calculations taking into account esti-
mated daily water filtration rates and daily sed-
iment imgestion rates (Tessier et al. unpubl,
data} indicate that the potential contribution
of the ambient water to Cd uptake is more
important than that of the ingested sediment.
Consistent with this suggestion is the obser-
vation that large guantities of Cd are associ-
ated with the gills and mantle of the two bi-
valves. Diespite their relatively small
contribution to the total weight of the organ-
ism (35-40%), these organs account for ~75%
of the Cd body burdens in A, grandis in the
studied lakes. This high contribution of the
gills and mantle to the Cd body burden is par-
ticularly evident in the contaminated lakes ex-
amined in our study-somewhat lower con-
tributions (35-50%) were noted for lakes in
southern Québec uninfluenced by mining ac-
tivities (Tessier et al. 1993).

(riven the correlation between tissue Cd and
computed dissoived [Cd?*] at the sediment—
water interface, and the correlation between
tissue Cd and tissue MT, one might expect
metallothionein levels to vary as a function of
[Cd*t] in the overlying water (Jenkins and
Sanders 1986) or, if it is assumed that com-
plexation of Cd is negligible in these dilute
freshwaters (see Tessier et al, 1993), as a func-
tion of [Cd],;. Such is not the case, however;
dissolved Cd concentrations, determined as
single values on water sampled ai the time of
the bivalve collections, are not good predictors
of MT levels in the bivalves (Fig. 4, Table 5).

Transplant experiments with 4. grandis in-
dicate that tissue metal levels change very
slowly over time and thus reflect long-term
changes in ambient polluiant concentrations
{t,, for Cd >0.9 yr: Tessier et al. unpubl. re-
sults). The same experiments also indicate that
appreciable metal accumulation occurs only
during the ice-free season. Because dissolved
Cd may vary appreciably over the course of
the ice~free period in lakes on the Precambrian
Shield as a result of changes in water chemistry
{notably pH) and phytoplankton biomass (e.g.

Coutllard et al.
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Fig. 4. Scatter diagrams of mesallothionein concentra-
tions in Anodonta grandis (mean = SE; N = 4), [a.}] Whole
organism MT vs, [Cd?+], as calculated with Eq. 4 (r =
0.75, N = 1t; P < §.01). [b.] Whole organism MT vs.
{Cdi, (r = 0,05, ¥ = 11; P > 0.05). [c.] Whole organism
MT vs. {Cdiy (r = 0.24, N = 11; P > 0.05). For corre-
spondence between symbols and individuai lakes, see Fig. 1.
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Yan et al. 1990), the apparent independence
of [MT] and [Cd]; in our study may simply
reflect the paucity of [Cd]y values and their
inability 1o represent the temporal variability
of dissolved Cd. Inadvertent contamination of
the water samples may also have contributed
to the apparent independence of [MT] and
[Cda. -

To obtain an integrated estimate of the Cd
exposure conditions and to circumvent the dif-
ficulty of actually measuring free metal ion
concentrations along the contamination gra-
dient, we have derived an estimate of [Cd?*]
based on the sorptive partitioning of Cd be-
tween water and the surficial sediments.

In a parallel field study of the partitioning
of Cd in oxic littoral sediments from 35 Iakes
(including 10 of the 11 lakes chosen for our
study), Tessier et al. (1993) showed that lake-
to-lake variations in Cd partitioning could be
satisfactorily explained by Cd sorption on two
sediment components: amorphous Fe oxyhy-
droxides and organic matter, Surface com-
plexation concepts were used to describe this
sorption {Eqg. 3):

=S~OH, + Cd** <=5 =5-0Cd + p H*; (3)

charges on the solid species are omiited for
simplicity, =5 are sorbent sites (either amor-
phous Fe—ox or sediment organic matter, OM),
*K, is an apparent overall equilibrium con-
stant, and p is the average apparent number
of protons released per Cd ion sorbed.

According to this partitioning model, the de-
velopment of which is discussed in detail by
Tessier et al, (1993), [Cd**} can be calculated
from

{Cd}T[H'F]x*“y
{Npe X *Kpecal Fe—ox}[H]
+ Nom X *Konmca {OMHH'F)

where {Fe—ox!} is the concentration of amor-
phous Fe oxyhydroxides (umol g~ 1), {OM} the
concentration of organic C in the surficial sed-
mments {umol C g%), {Cd} the total Cd con-
centration in the sediments (nmol g='), x and
v the apparent average numbers of protons re-
leased per Cd?* ion adsorbed on Fe oxyhy-
droxides and organic matter, Ny, the number
of moles of sorption sites on Fe oxyhydroxides
per mole Fe-ox, Ngy the number of moles of
sorption sites on sediment organic matter per

[Cd2+] =

{4)
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Table 5. Correlations (Pearson’s r) between mean me-
tallothionein concentrations (MT) in Anodonta grandis
and environmental Cd concentrations in lakes of the Rou-
yn-Noranda mining area. Asterisks: *—P < 0.05; **—p
< 001 (N=11)

MT concentsations

Hepato- Whole
Predictor Gills pancreas Body oTganisn
[Cd**TF  0.79%* 0.34 0.72% 0.75%*
[Cd], 0.05 0.14 0.10 0.06
{Cdyy 0.24 0.51 0.27 0.31

¥ Caleulated with Eg. 4.

mole organic C, and *K, - and *Kqoy cq the
apparent overall equilibrium constants for the
sorption of Cd on Fe oxyhydroxides and or-
ganic matier. The values of the geochemical
constants x (0.82), y (0.97), Np. X *EKio g
(107199, and Noy X *EKonrcq (107299 were
determined experimentally from the field geo-
chemical data (Tessier et al. 1993). Given the
slow dynamics of Cd exchange between A.
grandis and its environment, the estimates of
Cd?* were based on mean pH values in bottom
walers, estimated from a summer series (June-
October) in each lake, rather than on the in-
stantaneous pil values measured at the time
of bivalve collection. The values of {Cd?t] cal-
culated for each lake are presented in Tabie 2.

The estimates of Cd>™ activity at the sedi-
ment-water interface vary 18-fold along the
contamination gradient and prove to be good
predictors of tissue metallothionein concen-
trations. Highly significant positive relation-
ships are found between MT concentrations
{in the gills, the body, or the whole organism)
and the Cd** concentrations (Fig. 4; Table 5).
This result supports our initial hypothesis,
namely that MT biosynthesis can be induced
at contaminant levels typical of those encoun-
tered in polluted sediments and that tissue
concentrations of these proteins respond in a
dose-dependent manner as a function of metal
bioavailability (in this case Cd) in the natural
environment,

Relatively few studies have dealt with re-
lationships between metallothionein concen-
trations in indigenous organisms and environ-
mental metal levels (Roch and McCarter 1984;
Deniseger et al. 1990; Hogstrand and Haux
1990; Klaverkamp et al. 1991). In these stud-
ies, all of which have focused on fish, the de-
gree of contamination has generally been as-
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Fig. 5. Scatter diagram of the mollusc condition in-

dices as a function of the concentration of Cd in Anodonta
grandis (whole organism; mean + 3E; N = 4). For cor-
respondence between symbols and individual lakes, see
Fig. 1.

sessed by measuring either dissolved metal
concentrations (Roch and McCarter 1984,
Deniseger et al. 1990) or total sediment metal
levels {Klaverkamp et al. 1991); neither mea-
sure is necessarily a good estimation of metal
bicavailability. To our knowledge, our study
is the first demonsiration that metaliothionein
levels in field populations of freshwater inver-
tebrates vary along a metal contamination gra-
dient in a consistent manner, i.e. as a function
of metal exposure as defined by the free-metal-
ion concentration, [Cd?*"]. The generality of
the relationship must, however, be verified for
a broader array of surface waters with varied
physicochemical conditions, for other benthic
organisms, and with other trace metals,

As a cautionary note, it should be empha-
sized that while the present resuits are consis-
tent with the free-ion model of metal toxicity
{Morel 1983), they de not constitute an un-
arnbiguous field validation of the model. Equi-
Hbrium calculations indicate that along our
contamination gradient virtually all the dis-
solved inorganic Cd should be present as the
free Cd?* ion {as mentioned above). If com-
plexation of Cd by dissolved organic matter is
also unimportani, or remains constant from
lake to lake {(see Tessier et al. 1993 for a dis-
cussion of this point), the observed relation

Couiliard et al.

between tissue MT and [Cd?*] is mathemati-
caily indistinguishable from a relation between
{MT] and {Cd],.

Effects of metal accumulation—We exam-
ined relationships between the accumulation
of Cd, Cu, and Zn by the bivalves and their
general health. Average condition indices for
A. grandis (C.1) range from a low of ~25 g
mi~! (l.ake Joannés) 1o a high of ~75 g mi™!
(Lake Flavrian) along the contamination gra-
dient. The condition indices are negatively
correlated with Cd concentrations in the re-
constituted whole organism (Fig. 5; r = —0.70);
correlations between C.I and [Cu] {r = 0.13)
or [Zn] (r = —0.28) in the whole organism are
not significant.

A condition index should reflect variations
in the intensity of anabolic activity and in par-
ticular tissue growth; a low value of a given
index is indicative of a period of stress (Lucas
and Beninger 1985}, The condition index of
freshwater molluscs would be expected to be
influenced by various faciors, notably the tro-
phic status of the studied lakes and the con-
centration and nutritional guality of the sus-
pended food particles. Seasonal cycles of
condition index mav differ among the bivalve
populations studied. One might also expect
some variation in tolerance to toxic agents
among different populations of a mollusc spe-
cies, whether on a phenotypic or genetic basis
(Klerks and Weis 1987). Given this inherent
lack of specificity, the significant negative re-
lationship between C.I. and whole organism
Cd (Fig. 5)is noteworthy and implies that lake-
to-lake variability in the condition indices of
the molluscs is at least partly explained by their
Cd tissue burdens.

Brown and Parsons (1978) suggested that if
the rate of metal influx exceeded the net rate
of metaliothionein biosynthesis, the incoming
excess metal would tend to bind nonspecifi-
cally to other intracellular ligands (notably the
enzyme pool). They further postulated that this
phenomenon would correspond to the onset
of detectable adverse effects. Altheugh this hy-
pothesis could not be formally tested in our
study, we did attempt to evaluate spillover in-
directly by comparing condition indices of A.
grandis with a variable reflecting the potential
saturation of tissue metallothionein, i.e. the
ratio of tissue Cd concentration to cytosol MT
concentration; the implicit assumption 1is that
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higher ratios correspond 1o less-effective Cd
detoxification. Low condition indices are in-
deed generally associated with high ratios of
[{Cd(organism)}: [MT(organism)]. For exam-
ple, specimens with poor condition indices
from lakes Joannés, Bousquet, and Héva (C.1.
< 40 in Fig. 5) display average {Cd]:[MT]
ratios of 3.30, 2.47, and 1.88. The correlation
between C.[. and the [Cd(organism)]:
[MT(organism)] ratio is significant {r = —0.69,
P < (.05), but it does not represent a statistical
improvement on the simple correlation be-
tween C.I. and [Cd{organism}] (r = —0.70, P
< 0.05).

This absence of improvement is perhaps not
surprising, given the subcellular distribution
of Cd and MT in mollusc tissues. As indicated
above, we calculated the concentration ratios
of Cd in whole tissues to MT in the tissue
cytosol; comparison of [Cd{cytosol)] and
[MT(cytosol)] might well have yielded a better
indication of the effectiveness of Cd detoxifi-
cation (e.g. Hamilton et al. 1987). Cytosolic
metal represents an important bioactive pool
that should respond rapidly to metal exposure,
whereas whole organ concentrations may in-
clude large pools of bound metals minimally
involved in metal metabolism (Johannson et
al, 1986). For example, in gills of specimens
of A. grandis from lakes at either end of the
contamination gradient (Opasatica and Vau-
dray), Cd in the cytosol represented only 5-
8% and 2-4% of total gill Cd (Y. Couillard
unpubl. results).

The difference between metallothionein lev-
els in the cytosol and whole-tissue Cd concen-
trations, which is particularly marked for the
gills (Table 3), indicates that metallothionein
is not the sole molecule involved in Cd binding
and detoxification. For example, molluscs from
Lake Flavrian appear to be the healthiest based
on their condition index, yet there is almost 4
times more Cd than available MT binding ca-
pacity in their gill tissue ([Cd(gil)]: [MT{gili)]
=(),26). Clearly gill Cd must be bound in forms
other than Cd-MT. This observation is not
without precedent—in marine invertebrates,
in contrast to mammals or fish, MT frequently
does not constitute the major intracellular sink
for metals in target tissues (Stegeman et al.
1992). Metallothionein may still play an im-
portant role in Cd detoxification in the gills,
e.g. as the cytosclic ligand that mitially com-
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plexes the incoming metal and acts to transfer
it to other storage sites (lysosomes/granules or
concretions), Such a function has indeed been
suggested for marine invertebrates (Viarengo
1989).

Metallothionein and the biochemical indi-
cator concept — The biochemical indicator
concept is based on the principle that all bi-
ological effects of toxic chemicals begin with
the interaction of the toxic chemical with re-
ceptor sites in a living organism. The assump-
tion is made that eflects at the ecosystem level
are preceded by reactions in individual organ-
tsms at the molecular level and that concen-
trations of the contaminant needed to initiate
these reactions are lower than those required
to provoke a life-threatening situation for the
target organism or a perceptible degradation
of the ecosystem. The detection and quanti-
fication of these chemical reactions could then
be developed as an early, sensitive, and specific
indicator of environmental stress (NRCC
1985).

For metals, much of the attention in the area
of biochemieal indicators has focused on met-
al-binding proteins (Roesijadi 1981; NRCC
1985; Engel and Roesijadi 1987; Stegeman et
al, 1992); in particular, the metallothionein
content of an organism or a tissue has been
proposed as an indicator of prior metal ex-
posure. The results of our study, in particular
the increase in MT along a contamination gra-
dient in a dose-dependent manner, support this
contention. Several issues remain to be re-
solved, however, before variations in MT lev-
els in indigenous populations can be inter-
preted unambiguously. For example, the
dynamics of metallothionein synthesis and
degradation in freshwater invertebrates are
virtually unknown, as are the effects of sea-
sonal factors {e.g. reproductive cycle) on MT
levels. These variables should be evaluated in
the natural environment under realistic ex-
posure conditions,
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