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ABSTRACT: Studies have shown that the trophic transfer of certain metals in aquatic systems may be
controlled by the internal distribution of metal within prey and that this distribution may be influ-
enced by detoxification mechanisms (i.e. metals bound to metal-binding proteins [metallothioneins,
MT] may be more available to predators than metals associated with insoluble cellular constituents).
The purpose of this investigation was to examine the interactive effects of Cd and Zn exposure on the
accumulation and subcellular distribution of these metals in the brine shrimp Artemia franciscana.
Particular attention was given to the partitioning of metals to a subcellular compartment containing
heat-stable proteins (HSP) (e.g. MT), heat-denatured proteins (HDP) (e.g. ‘'enzymes’') and organelles,
here considered as trophically available metal (TAM). Adult A. franciscana were exposed for 3 d to
Cd (control, 1, 89 or 445 pM and Zn-control) or Zn (control, 1, 89 or 445 pM and Cd-control) through
solution using radioisotopes (*Cd and %°Zn) as tracers of stable metals. Following exposure, various
operationally defined subcellular fractions were obtained. Increased binding of Cd to HSP resulted in
increased partitioning of Cd to the TAM compartment (i.e. TAM-Cd % increased from 57 to 80 % over
the range of Cd exposures). This increase in TAM was greater than proportional at the 1 pM Cd expo-
sure concentration and could result in a ‘bioenhancement’ of Cd trophic transfer to predators. Expo-
sure to elevated concentrations of Cd (89 and 445 nM) also resulted in a ~50% suppression in Zn
accumulation by A. franciscana. Upon increasing Zn exposure, a shift in the subcellular partitioning
of Zn among TAM fractions (from HSP to HDP and organelles) maintained a TAM-Zn% of ~65%. As
a verification of the TAM concept, a direct relationship was observed between the partitioning of Cd
and Zn to the TAM compartment of A. franciscana exposed to the Cd-control/Zn-control treatment
and absorption of these metals by the grass shrimp Palaemonetes pugio.
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INTRODUCTION

Environmental exposure to metal pollutants can
exert numerous toxic effects on individuals and may
have community-wide consequences (Sullivan et al.
1983, Klerks & Levinton 1989a, Wallace et al. 2000).
In aquatic ecosystems, metals (e.g. Cd, Cr, Ag, Se,
Zn, and methylmercury) can be accumulated by biota
and transferred to predators (Riisgard & Hansen 1990,
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Fisher & Reinfelder 1995, Wallace et al. 1998, Ni et al.
2000). Since the ingestion of metal-contaminated food
can serve as a source of metals to predators and can
result in sublethal toxicity, understanding the
mechanisms that influence metal trophic transfer is a
critical step in the management of metal-contami-
nated ecosystems (Wang et al. 1999, Ni et al. 2000,
Wallace et al. 2000, Fisher & Hook 2002, Wallace &
Luoma 2003).
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One poorly understood process in the cycling of
metals in aquatic systems is the relationship between
tissue burdens in prey and metal trophic transfer. It has
been suggested that metal assimilation by predators
may be related to the internal partitioning of metals
within prey (Reinfelder & Fisher 1994, Wallace &
Lopez 1996, Wang et al. 1999, Baines et al. 2002). For
example, studies have shown that metals associated
with cytosolic proteins and organelles are readily
available to predators, while metals bound to cell walls
and metal-rich concretions are less available (Rein-
felder & Fisher 1994, Wang & Fisher 1996, Wallace &
Lopez 1997, Wallace et al. 1998). Since internal metal
distributions can be modulated by detoxification, these
mechanisms may ultimately influence the transfer of
metal to predators (Nott & Nicolaidou 1989, 1990,
Wallace & Lopez 1997, Wallace et al. 1998, 2003,
Wallace & Luoma 2003).

A principal metal detoxification strategy in aquatic
organisms involves the synthesis of metal-binding
proteins (metallothioneins, MT) (Roesijadi 1981, 1992).
MT are inducible, heat-stable, low molecular weight,
metal-binding proteins that play an important role in
the regulation of essential metals (e.g. Zn and Cu) and
in the sequestration of non-essential metals (e.g. Cd
and inorganic Hg) (Cherian & Goyer 1978, George
1982, Kagi & Schaffer 1988, Roesijadi 1992). These
proteins may also serve to transport metals to sites of
metal-rich granule precipitation (George 1982, 1983).
The induction of MT can result from exposure to
metals through solution and food, and has been shown
to result in high metal body burdens (Klerks &
Bartholomew 1991, Roesijadi 1992, del Ramo et al.
1993, Wallace et al. 2000). MT induction can also lead
to increased metal tolerance and may play a role in
genetic resistance (Klerks & Levinton 1989b, Klerks &
Bartholomew 1991). The quantification of MT in field-
collected organisms may also serve as a bioindicator of
metal pollution in aquatic ecosystems, although recent
studies have questioned the validity of this type of
bioassay (Hennig 1986, Mouneyrac et al. 2001, 2002).
Wallace & Luoma (2003) have suggested that in-
creased partitioning of metal to a subcellular compart-
ment presumed to contain trophically available metal
(TAM) may act to ‘bioenhance’ metal transfer along
aquatic food chains and may be related to the con-
centration of metal associated with MT. MT-driven
'‘bioenhancement’ of metal trophic transfer may, in
part, account for the variable assimilation efficiencies
observed in predators ingesting different metal-
contaminated prey (Ni et al. 2000).

Cd is a borderline (marginal Class B), non-essential
metal that can displace essential metal ions and inter-
fere with the functional characteristics of proteins
because of its high affinity for sulphydryl groups

(Nieboer & Richardson 1980, Mason & Jenkins 1995).
Zn is a borderline (with Class A characteristics), essen-
tial metal that plays a role in the function of several
enzymes (Nieboer & Richardson 1980, Mason & Jenk-
ins 1995). Although both metals induce MT, Cd has
been shown to be more effective than Zn in inducing
synthesis in a number of organisms, including a strain
of Artemia parthenogenetica (Webb 1987, Martinez et
al. 1999).

Artemia sp. has been found to produce Cd- and Zn-
binding isoforms of a heat-stable, low molecular
weight, metal-binding protein that have been isolated
from dormant cysts as well as 24 and 48 h old nauplii
(Acey et al. 1989). Cd-binding MT have also been iso-
lated from adult Artemia spp. following exposure to Cd
through solution (Martinez et al. 1991, 1999, del Ramo
et al. 1993, 1995).

Compared to other crustaceans, Artemia spp. are
able to tolerate high levels of Cd, although there is a
wide range of Cd sensitivities among species (i.e. 24 h
lethal concentration, LCjs, values range from ~830 ntM
[A. franciscana] to ~2500 uM Cd [A. persimilis]) (Eisler
1971, Jennings & Rainbow 1979b, Sarabia et al.
2002b). Artemia spp. can accumulate Cd through solu-
tion and food, and exposure interferes with emergence
and hatching and may impact reproduction (Jennings
& Rainbow 1979b, Bagshaw et al. 1986, Rafiee et al.
1986, Sarabia et al. 2002a). The cyst shell of Artemia
spp. appears to be impermeable to Cd, which may limit
exposure during early stages of development (Thall &
Acey 1985, Rafiee et al. 1986). Exposure to Zn through
solution has also been shown to interfere with larval
development (Bagshaw et al. 1986).

Due to its widespread availability and ease of labora-
tory maintenance, Artemia franciscana was chosen as
a test organism to investigate the influence of Cd and
Zn exposure on the accumulation of metal and the
potential for metal transfer to predators (Dhont &
Sorgeloos 2002). Additionally, these small crustaceans
are used routinely in studies examining the toxicity
and trophic transfer of metals, as well as in aquacul-
ture, and are important prey for fishes and a variety of
other crustaceans, including Palaemonetes spp. (Per-
soone & Castritsi-Catharios 1989, Petrucci et al. 1995,
Ni et al. 2000, Wallace et al. 2000, Dhont & Sorgeloos
2002, Van Stappen 2002).

The purpose of this investigation was to examine the
interactive effects of Cd and Zn exposure on the accu-
mulation and subcellular distribution of metals in the
brine shrimp Artemia franciscana. Since whole tissue
metal concentrations within prey may not accurately
reflect metal availability to predators, a subcellular
compartment containing trophically available metal
TAM (heat-stable proteins [e.g. MT], heat-denatured
proteins [e.g. 'enzymes’'| and organelles) was con-
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structed as a means to estimate the potential for Cd
and Zn trophic transfer to predators of A. franciscana
(Wallace & Luoma 2003).

MATERIALS AND METHODS

Maintenance of Artemia franciscana. Adult A. fran-
ciscana, obtained from a commercial supplier (New-
man's Fish Food), were maintained in a glass aquarium
containing 76 | of aerated seawater (20 ppt, 21-22°C)
(Instant Ocean®, Aquarium Systems) for 3 to 5 d prior
to use in experiments. The aquarium was equipped
with a 500 pm mesh wall that partitioned the tank into
2 chambers (4:1 by volume). Water filtration was pro-
vided by a Penguin® Bio-Wheel 125 filter (Marineland)
equipped with a modified inlet siphon that extended
into the smaller of the 2 chambers, with overflow drip-
ping into the larger chamber containing A. francis-
cana. This system maintained the water quality of the
holding tank, yet prevented the entrapment of brine
shrimp within the filter. A. franciscana were fed daily
on ground OSI® Spirulina fish flakes (OSI Marine
Laboratory). Filtration was suspended for 4 h following
feeding. A. franciscana were not fed for 24 h prior to
use in experiments.

Exposure of Artemia franciscana to Cd and Zn. For
each treatment, ~2000 A. franciscana (~11 g wet wt),
were exposed for 3 d to various concentrations of Cd
and Zn in 4 1 polycarbonate bottles containing 3 1 of fil-
tered artificial seawater (0.4 pm filter, 20 ppt, 21-22°C)
(~0.66 shrimp ml!). During exposure, aeration was
provided by a 1 ml (35 cm long) glass pipette tip that
was connected to an electric air pump via flexible
aquarium tubing. Exposure treatments were as fol-
lows: a Cd-series comprising control, 1, 89 or 445 ntM
Cd and Zn-control and a Zn-series comprising control,
1, 89 or 445 pM Zn and Cd-control, yielding a total of
7 treatments. Exposure solutions were prepared by
adding appropriate amounts of stock metal solutions
(1000 mg 1"' Cd or Zn) and radiotracers (}°°Cd and
85Zn) to filtered artificial seawater (0.4 pm, 20 ppt)
(Instant Ocean® dissolved in NANOpure® deionized
water). Control concentrations of Cd and Zn in the arti-
ficial seawater were 0.012 mg I"! (~0.1 uM Cd and
~0.2 pM Zn) or less, based on information provided by
Aquarium Systems.

While the estimated concentrations of Cd and Zn in
the control exposures (and Zn in the 1 pM Zn/Cd-
control exposure) were higher than would be expected
in pristine, natural seawater, they were below maxi-
mum concentration criteria (0.36 pM for Cd and
1.38 pM for Zn) for marine systems (US EPA 1999,
2001). The 1 pM Cd exposure was ~2.8x the maximum
Cd concentration permitted in saltwater and may be

considered environmentally realistic in metal-
impacted ecosystems (US EPA 2001). The highest Cd
and Zn exposures (i.e. 89 and 445 pM) were included
in this study to facilitate comparison with previous
studies of metal accumulation by Artemia spp. (Jen-
nings & Rainbow 1979b, Blust et al. 1995).

Stock metal solutions were prepared from reagent-
grade CdCl, or ZnCl, and filtered seawater (0.4 pm,
20 ppt). Radioisotopes (!*?CdCl, and *°ZnCl, both in
0.5 M HCI) were obtained from Isotope Products. Acid-
ification of exposure solutions due to the addition of
radiotracers was offset by 0.1 N NaOH. Radioactivities
for each treatment were 2.22 x 102 kBq 1! for !*°Cd and
7.40 x 10! kBq I"! for °Zn and were verified through
radioanalysis of 5 ml samples. Final specific activities
among the treatments ranged from 2.03 x 107° to 7.23 x
1072 ug kBq! for Cd and 5.22 x 107° to 1.12 x 107! pg
kBq! for Zn.

Following exposure, the contents of each bottle were
transferred to a 63 pm nylon screen using a peristaltic
pump (Masterflex®, Cole Parmer Instrument) fitted
with 1 cm-diameter flexible tubing. Brine shrimp were
not damaged as they passed through the pump mech-
anism. Artemia franciscana were rinsed 3 times with
artificial seawater (20 ppt), separated into batches of
~180 individuals (~1 g wet wt) and stored frozen
(-80°C) in 20 ml glass scintillation vials.

Subcellular fractionation. In order to characterize
the subcellular distribution of Cd and Zn in Artemia
franciscana, brine shrimp from each treatment were
subjected to subcellular fractionation and tissue diges-
tion to obtain 5 operationally defined subcellular frac-
tions (see below): heat-stable proteins, HSP (e.g. MT),
heat-denatured proteins, HDP (e.g. ‘enzymes’), organ-
elles, '‘insoluble’ components and cellular debris
(Wallace et al. 1998, Wallace & Luoma 2003). A sub-
cellular compartment containing TAM (HSP, HDP and
organelles) was also reconstructed as a means to esti-
mate the potential for Cd and Zn transfer to predators
of A. franciscana (Wallace & Luoma 2003).

Samples of Artemia franciscana from each treatment
(n = 4) were thawed, dabbed dry with a Kimwipe®,
wet-weighed and homogenized on ice in 3.3 ml of cold
20 mM Tris buffer (pH 7.6) using a Polytron® (Kine-
matica) tissue homogenizer. The mass of homogenized
tissue was typically ~0.25 g wet wt; however, larger
quantities (~0.75 to ~1.3 g wet wt) were used for some
treatments (i.e. 89 and 445 pM Zn-series [Cd-control])
in order to compensate for weak ®°Zn signals.

Following homogenization, tissue samples were
centrifuged at 500 x g (15 min at 4°C). The pellet was
resuspended in 3.0 ml of Tris buffer and heated at
100°C for 2 min. An equal volume of 1 N NaOH was
then added and the suspension was heated at 65°C for
1 h. This suspension was centrifuged at 4500 x g
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(15 min at 4°C) and the supernatant, containing dis-
solved cellular debris, was removed. The resulting
pellet was resuspended in 6.0 ml of 1 N NaOH and
centrifuged a second time (4500 x g). Supernatants
were combined with previously collected dissolved
cellular debris. The remaining pellets, containing
exoskeleton and other ‘insoluble’ components, were
collected (Silverman et al. 1983, Wallace & Luoma
2003, Wallace et al. 2003).

The 500 x g supernatants were centrifuged at
100000 x g (1 h at 4°C) to produce a pellet containing
organelles. The supernatant was heated at 80°C for
10 min and then cooled on ice for 1 h (Bebianno et al.
1992). The heat-treated cytosol was centrifuged at
38000 x g (30 min at 4°C) to pellatize HDP (e.g.
‘enzymes’). HSP (e.g. MT) remained in the super-
natant. Once isolated, subcellular fractions were trans-
ferred to 20 ml scintillation vials and analyzed for !*°Cd
and %Zn as described below.

Absorption efficiency (AE) analysis. Grass shrimp
Palaemonetes pugio (~2.5 cm in length) were collected
by dip net from Great Kills Park, Gateway National
Recreation Area, Staten Island, New York, and were
maintained in aerated seawater (20 ppt, 21-22°C) for
4 d prior to use in absorption efficiency experiments. P.
pugio were fed daily on OSI® Spirulina fish flakes,
but were not fed for 48 h prior to feeding on Artemia
franciscana. P. pugio (n = 5) were placed in a 1000 ml
plastic beaker containing 500 ml of seawater (20 ppt)
and allowed to feed on ~120 '%Cd- and %Zn-labeled
A. franciscana (exposed to the Cd-control/Zn-control
treatment). Grass shrimp promptly ingested the
presented tissue (<15 min).

Following the ingestion of Artemia franciscana tis-
sue, Palaemonetes pugio were rinsed with clean sea-
water, placed in 20 ml glass scintillation vials contain-
ing 10 ml of seawater (20 ppt) and radioanalyzed for
19Cd and %Zn. P. pugio were then placed in individual
mesh-lined chambers contained within an aquarium
(20 ppt, 21-22°C), where they depurated ingested
tissue for 5 d (Wallace et al. 1998, Wallace & Luoma
2003). During depuration, P. pugio were fed daily on
Tetramin® fish flakes (Tetra Sales). °°Cd and %Zn
activities in the aquarium water were monitored daily
through radioanalysis of 5 ml samples and were found
to be negligible. P. pugio were removed from the
aquarium periodically and radioanalyzed for °°Cd and
%5Zn. Linear regressions were fit to the physiological
loss components of each retention curve (time = 48 to
120 h) and the corresponding y-intercepts were used
to estimate !°Cd and ®Zn absorption efficiencies
(AE-Cd% and AE-Zn%) (Wallace et al. 1998, Wang &
Fisher 1999).

Radioanalysis and tissue-burden calculations. All
samples were analyzed for °°Cd and %°Zn by deter-

mining photon emissions (at 88 and 1115 keV, respec-
tively) in a Wallac Wizard™ 1480 automatic gamma
counter equipped with a 7.6 cm Nal crystal (Wallac
Oy). Counting times for Artemia franciscana tissues
(whole body and subcellular fractions) (1 to 10 min)
and for live Palaemonetes pugio (10 to 20 min) were
adjusted to maintain propagated counting errors of 5 %
or less. Radioanalysis data and specific activities of
exposure solutions were used to calculate the concen-
trations of Cd and Zn associated with whole tissues
and subcellular fractions of A. franciscana. Due to
losses of radioactivity (typically <15%) that accrued
throughout the fractionation process, percentage dis-
tributions of metal among subcellular fractions were
calculated based on the total radioactivity recovered
subsequent to fractionation. Following Wallace &
Luoma (2003), a subcellular compartment containing
TAM was reconstructed by combining the percent-
ages, or concentrations, of Cd and Zn associated with
HSP (e.g. MT), HDP (e.g. 'enzymes’) and organelles
(i.e. TAM — Metal% = HSP% + HDP% + organelles%;
TAM - [Metal] = [HSP] + [HDP] + [organelles]).
Statistical analysis. Tissue-burden data sets for
Artemia franciscana were transformed (log;o for con-
centration data, arcsine for percentage data) and nor-
mality was verified using the Shapiro-Wilk's W-test.
Treatment effects were analyzed using 1-way analysis
of variance (Sokal & Rohlf 1981). Differences between
means were compared using the Scheffé test and
homogeneity of variances were analyzed using Lev-
ene's test. In cases when data sets did not meet
assumptions of analysis of variance, Kruskal-Wallis
ANOVA and Mann-Whitney U-tests were performed
(Sokal & Rohlf 1981). All statistical analyses were
performed using STATISTICA Version 5.1 (Statsoft).

RESULTS

Cd-series (Zn-control): tissue concentrations and
subcellular partitioning

Whole body tissue concentrations of Cd in Artemia
franciscana increased over the range of Cd exposures
(Fig. 1a). At the level of 1 ptM Cd (~10x control), the
concentration of Cd in A. franciscana was ~18x times
greater than that of the control treatment, suggesting
greater than linear accumulation of Cd (1.8x) with
respect to exposure concentration. Accumulation of Cd
over the range of the Cd-series exposures, however,
was not maintained at this level. For example, a 5-fold
increase in Cd exposure concentration (from 89 to
445 pM Cd) resulted in only an ~2.3-fold increase in
whole-tissue concentration (Fig. la). Exposure of A.
franciscana to elevated concentrations of Cd (89 and
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Fig. 1. Artemia franciscana. Tissue burdens following Cd-series (Zn-control) exposures, showing Cd and Zn concentrations in

(a) whole body tissue and (b-f) subcellular fractions (n = 4; mean + SE; log-plots) following 3 d aqueous exposure to ~0.1 (control),

1, 89 or 445 pM Cd (log-plots), all with a control concentration of Zn (~0.2 pM). Subcellular fractions were obtained through

homogenization, differential centrifugation and tissue-digestion. Results from standard or Kruskal-Wallis (K-W) ANOVA are

shown in each graph. Different letters indicate significant differences (p < 0.05) among treatment means for Cd (A-C) and Zn

(a—c) (Scheffé test for ANOVA data sets; Mann-Whitney U-test for K-W data sets). *All mean Cd comparisons significantly
different (p < 0.05), ns: not significant
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445 pM) resulted in an ~50% suppression of whole
body tissue Zn concentrations (Fig. 1a).

The pattern of whole body tissue Cd concentrations
in Artemia franciscana is reflected in the partitioning
of Cd to HSP (e.g. MT), HDP (e.g. ‘enzymes’) and
cellular debris (Fig. 1b,d,e). Partitioning of Cd to ‘in-
soluble’ components reached saturation at the level of
89 1M, while partitioning to the organelles appeared
to approach saturation at the highest Cd levels
(Fig. 1¢,f). The pattern of whole body tissue Zn con-
centrations in A. franciscana (Fig. 1a) was mirrored by
the partitioning of Zn to HSP and cellular debris, as
both fractions displayed suppressed Zn concentrations
at the highest Cd exposures (Fig. 1b,d). The concentra-
tion of Zn bound to constituents within the ‘insoluble’
fraction was also suppressed at the highest Cd expo-
sure (445 pM Cd) (Fig. 1f). The partitioning of Zn
to HDP and organelles was largely unresponsive to
increasing Cd (Fig. 1c,e).

Zn-series (Cd-control): tissue concentrations and
subcellular partitioning

Whole body tissue concentrations of Zn in Artemia
franciscana did not reach saturation (Fig. 2a). The only
notable influence of increased Zn exposure on Cd
accumulation in A. franciscana was an elevated whole
body tissue concentration at 89 uM Zn (Fig. 2a). The
subcellular partitioning of Zn in A. franciscana among
most of the subcellular fractions matches, in general,
the pattern of whole body tissue Zn concentrations
(Fig. 2b-f). Although not apparent from whole body
tissue Cd concentrations (Fig. 2a), increasing Zn expo-
sure had an influence on the partitioning of Cd to all
subcellular fractions (Fig. 2b-f). Most notably, there
were increases in the concentrations of Cd bound to
organelles and ‘insoluble’ components at the highest
Zn concentrations (Fig. 2c¢,f). The concentration of Cd
associated with HSP was elevated in the presence of
1 pM Zn and suppressed in the presence of 445 uM Zn
(Fig. 2d). There was also an increase in the partitioning
of Cd to HDP at 89 uM (Fig. 2e). Partitioning of Cd to
cellular debris oscillated under the influence of
increasing Zn (Fig. 2b).

Cd-series (Zn-control): percentage subcellular
distributions

For the Cd-control/Zn-control treatment, the HSP
fraction of Artemia franciscana was found to contain
the largest proportion of accumulated Cd (~47 %)
(Fig. 3c). Partitioning to the other fractions followed
the pattern: cellular debris (~40 %) > organelles (~8 %)

> ‘insoluble’ components (~3%) > HDP (~1%)
(Fig. 3a,b,d,e). The percentage of Cd partitioned to
HSP in A. franciscana increased with increasing Cd
exposure, while the importance of cellular debris de-
creased (Fig. 3a,c). The percentage of Cd bound to
organelles in A. franciscana was highest for the 89 pM
treatment (~11%) (Fig. 3b). Partitioning to the ‘in-
soluble’ components increased at an exposure of 1 pM
and decreased with increasing Cd exposure (Fig. 3e).

The HSP fraction in Artemia franciscana from the
Cd-control/Zn-control treatment contained the major-
ity of accumulated Zn (~52 %) (Fig. 3c). Partitioning to
the other fractions followed the pattern: cellular debris
(~33 %) > organelles ~= HDP (~7 %) > ‘insoluble’ com-
ponents (~2%) (Fig. 3a,b,d,e). The percentage of Zn
bound to HSP decreased sharply (to ~31 %) in the pres-
ence of Cd concentrations greater than 1 pM (Fig. 3c).
At the highest exposures, Zn partitioning increased
to ~41% for cellular debris, ~13 % for organelles and
~12% for HDP (Fig. 3a,b,d). Partitioning of Zn to
the 'insoluble’ fraction was generally unresponsive to
increasing Cd exposure (Fig. 3e).

Zn-series (Cd-control): percentage subcellular
distributions

The partitioning of Zn among the various subcellular
fractions was influenced by increasing Zn exposure.
For example, the percentage of Zn bound to HSP
decreased steadily (from ~52 to ~21 %) over the range
of increasing Zn (Fig. 4c). Partitioning of Zn to
organelles exhibited a commensurate increase over
the same range (~7 to ~34 %) (Fig. 4b). The percentage
of Zn bound to cellular debris oscillated throughout the
range of Zn exposures, while partitioning to ‘insoluble’
components in Artemia franciscana reached a plateau
at an exposure of 89 pM Zn (Fig. 4a,e). The HDP
fraction exhibited increased partitioning of Zn at the
highest exposures (Fig. 4d).

Over the range of Zn exposures (Cd-control), the
percentage of Cd in Artemia franciscana bound to the
organelles was similar to that for Zn (Fig. 4b). Parti-
tioning of Cd to cellular debris varied with Zn expo-
sure, and there was little change in partitioning to
HDP (Fig. 4a,d). The percentage of Cd bound to HSP
increased at 1 pM Zn (to ~63 %) and then decreased (to
~30 %) for the remaining exposures (Fig. 4c).

Trophically available metal (TAM)

A reconstruction of a subcellular compartment pre-
sumed to contain TAM (i.e. the summation of metal
associated with HSP [e.g. MT], HDP [e.g. ‘enzymes’]



Seebaugh & Wallace: TAM-Cd and Zn in Artemia franciscana 221

10%
a) Whole Body Tissue 5 b) Cellular Debris
Cd K-W ANOVA: p <0.05 Y a4 Cd ANOVA: p <0.05
10° { Zn ANOVA: p<0.05 o Zn K-W ANOVA: p < 0.05 ;,2
~
/
102 - - #
e F/ - P
o Zn F . 5
A A 3 A ~
o o—o— O~0o
—~ U A
< 10 —x/— Zn-control (~0.2 uM) M
= —¥— 1uMZn
© 107 1 —¥— 89uMZn
B —¥— 445uMZn
o0 —O— Cd-control (~0.1 pM)
s 107
AT -
S ¢) Organelles d) Heat-Stable Proteins
S Cd ANOVA: p < 0.05 . Cd ANOVA: p < 0.05
S 10 {  Zn ANOVA: p<0.05 »* Zn ANOVA: p < 0.05 i
.2 ,
Q s
< /
Ni 102 A /# - _ v
7 -
= e 7
N - - -
s 10 <F
N S
< s B
E 100 A aval B B A A
3 R
N
g 107! - 5 4
o
@)
B 107
g 10
= e) Heat-Denatured Proteins f) 'Insoluble' Components
§ Cd K-W ANOVA: p <0.05 Cd ANOVA: p <0.05
5 103 4 Zn ANOVA: p<0.05 Zn ANOVA: p < 0.05
Q %
=] V. s %
S 10 - d >
A /
~
T A
|- -
/ W_{
10° - e %
v c ¢
o S A0
A AB B
]0_2 L] L] L] L] L] L] L] L] L] L]

102 10! 10° 10! 102 103 104 102 10" 10° 10! 10? 103 10*
Zn concentration (uM) (Cd-control)

Fig. 2. Artemia franciscana. Tissue burdens following Zn-series (Cd-control) exposures, showing Cd and Zn concentrations in

(a) whole body tissue and (b-f) subcellular fractions (n = 4; mean * SE; log-plots) in following 3 d aqueous exposure to ~0.2

(control), 1, 89 or 445 pM Zn (log-plots), all with a control concentration of Cd (~0.1 pM). *All mean Zn comparisons significantly
different (p < 0.05); further details as in Fig. 1
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Fig. 3. Artemia franciscana. Subcellular distributions following Cd-series (Zn-control) exposures, showing percentage Cd and Zn

in subcellular fractions (n = 4; mean + SE) following 3 d aqueous exposure to ~0.1 (control), 1, 89 or 445 uM Cd, all with a control

concentration of Zn (~0.2 pM). Results from standard ANOVA are shown in each graph. Different letters indicate significant
differences (p < 0.05) among treatment means for Cd (A-C) and Zn (a—c) (Scheffé test). Further details as in Fig. 1

and organelles: Wallace & Luoma 2003) revealed a
number of interesting patterns in the potential for Cd
and Zn trophic transfer to predators of Artemia fran-
ciscana. For example, upon increasing Cd exposure
(i.e. Cd-series [Zn-control] treatments), TAM-Cd% in
A. franciscana increased from ~57 to ~80% due to
increased partitioning of Cd to HSP (Fig. 5a). Although
the partitioning of Zn to HSP in A. franciscana de-

creased by ~23 % upon increasing Cd exposure, a shift
in the partitioning of Zn to other TAM fractions (HDP
and organelles) resulted in a reduction in TAM-Zn%
of only ~12% (Fig. 5b).

In terms of Cd and Zn concentrations in Artemia
franciscana potentially available for trophic transfer
among the Cd-series treatments (i.e. TAM-[Cd] and
TAM-[Zn]), it was found that TAM-[Cd] did not
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Fig. 4. Artemia franciscana. Subcellular distributions following Zn-series (Cd-control) exposures, showing percentage of Cd
and Zn in subcellular fractions (n = 4; mean + SE) following 3 d aqueous exposure to ~0.2 (control), 1, 89 or 445 pM Zn, all with
a control concentration of Cd (~0.1 pM). Further details as in Fig. 1

increase linearly with increasing Cd exposure (Fig. 5a:
top of graph). For example, an increase in exposure
concentration from 0.1 pM Cd (control) to 1 pM Cd
(a 10-fold increase in exposure) resulted in a ~21-fold
increase in TAM-[Cd] (from ~0.71 to ~15.1 nM g wet
wt™!). This increase in TAM-[Cd] was ~2.1x greater
than would be predicted had partitioning to TAM been
linear with exposure concentration. At the highest Cd

exposures, TAM-|Cd] was ~0.47x and ~0.23% greater
than would be predicted, indicating that the increase
in TAM was less than proportional to exposure con-
centration (Fig. 5a: top of graph). A. franciscana
exposed to the Cd-control/Zn-control treatment had a
TAM-[Zn] of ~12.14 nM g wet wt™!. Despite an equal
exposure to Zn (i.e. control), TAM-[Zn]| decreased to
~5.63 nM g wet wt™! in the presence of 89 pM Cd and
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Fig. 5. Artemia franciscana. Subcellular partitioning as troph-
ically available metal (TAM) following Cd-series (Zn-control)
exposures, showing percentage (n = 4; mean + SE) of Cd and
Zn associated with a subcellular compartment consisting of
(@) TAM-Cd% and (b) TAM-Zn%, following 3 d aqueous ex-
posure to ~0.1 (control), 1, 89 or 445 pM Cd, all with a control
concentration of Zn (~0.2 nM). Distribution of metals among
subcellular fractions that contribute to the TAM compartment
(i.e. heat-stable proteins: HSP; heat-denatured proteins: HDP;
and organelles) was taken from Fig. 3. Different letters above
bars indicate significant differences (p < 0.05) among treat-
ment means for Cd (A-D) and Zn (a-c) (Scheffé test). Con-
centrations of metal associated with the TAM compartment
(i.e. TAM-[Cd] or TAM-[Zn]), calculated as summation of
metal associated with HSP, HDP, and organelles, for the
various treatments are shown at top of each graph (n = 4;
mean + SE), where values in parentheses indicate difference
in TAM-[metal], compared to control and normalized to
increase in exposure concentration. *Adjacent to control-
exposure histograms indicates absorption efficiencies, AE-
Cd% or AE-Zn%, observed for Palaemonetes pugio fed A.
franciscana from this treatment (data from Fig. 7)

to ~4.95 nM g wet wt™! in the presence of 445 pM Cd
(Fig. 5b: top of graph).

For the Zn-series (Cd-control) treatments, TAM-Cd %
in Artemia franciscana oscillated between ~57 and
~70% due to a shift in the partitioning of Cd from HSP to
organelles (Fig. 6a). Although there was a similar shift in
the subcellular partitioning of Zn, TAM-Zn% was main-
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Fig. 6. Artemia franciscana. Subcellular partitioning as TAM
following Zn-series (Cd-control) exposures, showing per-
centage (n = 4; mean + SE) of Cd and Zn associated with
subcellular compartment consisting of (a) TAM-Cd% and (b)
TAM-Zn% following 3 d aqueous exposure to ~0.2 (control),
1, 89 or 445 pM Zn, all with a control concentration of Cd
(~0.1 pM). Distribution of metals among subcellular fractions
that contribute to TAM compartment was taken from Fig. 4.
Further details as in Fig. 5

tained at ~65% over the range of Zn concentrations
(Fig. 6b). TAM-[Cd] in A. franciscana among the Zn-
series exposures (Cd-control) ranged between ~0.71 and
~1.31 nM g wet wt™! (Fig. 6a: top of graph). Although
TAM-|Zn] did increase with increasing Zn exposure, this
increase was less than proportional between control and
89 uM Zn (Fig. 6b: top of graph). TAM-[Zn], however,
did increase linearly with exposure concentration
between 89 and 445 pM Zn (Fig. 6b: top of graph).

Relationship between TAM% in Artemia franciscana
and AE% by a predator

AE-Cd% and AE-Zn% were determined for Palae-
monetes pugio fed Artemia franciscana exposed to the
Cd-control/Zn-control treatment. Depuration of °°Cd
and %Zn by P. pugio was characterized by a 2-compo-
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Fig. 7. Palaemonetes pugio. Time course of retention of *Cd

and %Zn (n = 5; mean + SE) by P. pugio fed Artemia francis-

cana exposed to Cd-control/Zn-control treatment. Linear

regressions (dotted lines) were fit to physiological loss-

components of the retention curves (i.e. t > 24 h) and the

corresponding y-intercepts were used to estimate °°Cd and
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nent loss, with an initial rapid loss of unassimilated
metal due to the release of radiolabeled fecal strands
(Fig. 7) (Wallace & Lopez 1997, Wallace et al. 1998).
Comparison of the slopes of the linear regressions sug-
gests that the physiological loss of Zn occurred at
approximately twice the loss rate of Cd (~6 vs ~3% d})
(Fig. 7). Estimates of metal absorption efficiency using
the y-intercept method revealed an AE-Cd% of ~55%
and an AE-Zn% of ~61 % (Wallace et al. 1998, Wang &
Fisher 1999). These values are in good agreement with
the percentages of Cd (TAM-Cd% ~57%) and Zn
(TAM-Zn% ~65%) predicted to be trophically avail-
able from A. franciscana exposed to control levels of
Cd and Zn (Figs. 5 & 6).

DISCUSSION

Studies investigating the subcellular partitioning of
metals have often focused on relating internal metal
processing to potential toxicity, tolerance and resis-
tance (George 1983, Jenkins & Mason 1988, Klerks &
Bartholomew 1991, Wallace et al. 2000). Several inves-
tigators, however, have recently highlighted the need
to consider the role of subcellular partitioning in con-
trolling metal trophic transfer in aquatic systems (Wal-
lace & Lopez 1996, Fisher & Wang 1998, Wallace et al.
1998, Ni et al. 2000, Ettajani et al. 2001, Wallace &
Luoma 2003). The purpose of the present study was to

examine the accumulation and subcellular distribu-
tions of Cd and Zn in Artemia franciscana, with partic-
ular focus on the partitioning of metal to a subcellular
compartment presumed to contain trophically avail-
able metal (Wallace & Luoma 2003). Due to the poten-
tial effects of metal-metal interactions within A. fran-
ciscana, the experimental design also considered the
influence of increasing Cd or Zn exposure on the accu-
mulation and partitioning of the other metal (i.e. Zn
or Cd).

Accumulation and subcellular distribution of Cd
(Cd-series; Zn-control)

Cd accumulation in Artemia franciscana did not
reach saturation at concentrations at or below 445 ntM
Cd. This is consistent with work by Blust et al. (1995),
whereby Cd accumulation by adult A. franciscana in-
creased with Cd exposure concentration and reached
saturation at concentrations greater than 800 pM.
Although Cd was associated with all subcellular frac-
tions, the greatest increase in partitioning for the 1 ptM
Cd exposure was observed for the ‘insoluble’ fraction
(~50-fold increase vs. ~13- to ~23-fold increases for the
other fractions) and may have resulted from increased
adsorption of Cd to the exoskeletal surfaces of A. fran-
ciscana (Jennings & Rainbow 1979a, Robinson et al.
2002).

The high partitioning of Cd to HSP (~47 % of the total
Cd burden) in Artemia franciscana at a control con-
centration of Cd (~0.1 nM) suggests that heat-stable,
metal-binding proteins (i.e. MT) may act to protect
metal-sensitive components (i.e. ‘enzymes’' and organ-
elles), the combined partitioning of which was only
~9% (Brown & Parsons 1978, Cherian & Goyer 1978,
Roesijadi 1992, Wallace et al. 2003). The greater toler-
ance to Cd among Artemia spp. compared to other
crustaceans may be due to enhanced storage of Cd to
MT and/or low ion permeability coincident with a life
history involving hypersaline conditions (Eisler 1971,
del Ramo et al. 1995, Rainbow 1998, Martinez et al.
1999, Sarabia et al. 2002b, Van Stappen 2002). The
association between the quantification of Cd bound to
MT and Cd detoxification/tolerance must be inter-
preted with caution, however, since metal enrichment
of the HSP fraction may also be an artifact of heat-
denaturation (Bragigand & Berthet 2003). The only
other subcellular fraction containing a substantial por-
tion of Cd in controls was cellular debris (~40 %). The
importance of cellular debris in terms of metal toxicity
and detoxification, however, remains unclear (Wallace
et al. 2003).

An increase in the percentage of Cd partitioned to
HSP (from ~47 to ~71 %) was observed over the range
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of Cd exposures, with commensurate decreases in the
partitioning of Cd to the cellular debris and ‘insoluble’
components. In terms of subcellular Cd concentrations,
levels of Cd bound to the organelles and ‘insoluble’
fractions approached or reached saturation at the high-
est Cd exposures (89 and 445 nM). Saturation within
the ‘insoluble’ fraction (which contains exoskeleton
and other insoluble components) at these high Cd
exposures may be related to the maximum adsorption
potential of the Artemia franciscana exoskeleton for
Cd (Robinson et al. 2002, Wallace et al. 2003).

In terms of potential toxicity of Cd to Artemia fran-
ciscana, the increase in the concentration of Cd bound
to HDP (e.g. ‘enzymes’) at the highest Cd exposures
would be expected to interfere with critical cellular
processes (Brown & Parsons 1978, Hennig 1986, Roesi-
jadi 1992, Wallace et al. 2000). For example, Rafiee et
al. (1986) demonstrated that tubulin extracted from
A. franciscana larvae precipitates upon exposure to
10 uM Cd, but that the microtubule assembly is not
inhibited at lower concentrations. Disruption of this
potential target (which contains critical sulphydryl
groups) by Cd would likely interfere with microtuble-
dependent cellular processes and result in toxicity
(Luduena et al. 1985, Rafiee et al. 1986).

Accumulation and subcellular distribution of Zn
(Zn-series; Cd-control)

Zn accumulation by Artemia franciscana did not reach
saturation over the range of Zn exposures. The portion of
Zn partitioned to HSP in controls (~0.2 pM Zn) accounted
for ~52 % of the total Zn tissue burden in A. franciscana,
while the combined partitioning to HDP and organelles
was only ~13 %. This suggests a role for metal-binding
proteins within the HSP fraction (e.g. MT) in the regula-
tion of metabolically available Zn in A. franciscana (En-
gel & Brouwer 1987, Roseijadi 1992, Mason & Jenkins
1995). The percentage of Zn partitioned to HSP
decreased (from ~52 to 21%) with increasing Zn
exposure and was accompanied by increased partition-
ing to organelles (from ~7 to ~32 %). Partitioning to HDP
was also elevated at the highest Zn exposures (89 and
455 nM). This shift from the reliance on HSP (e.g. MT) for
the storage of Zn to metal-sensitive cellular components
may have implications for Zn toxicity in A. franciscana
(Roesijadi 1992, Wallace et al. 2003).

Effects of metal-metal interactions on accumulation
and subcellular distribution

Interactive effects between metals have been shown
to influence accumulation and toxicity in several crus-

taceans, including Artemia franciscana (Nugegoda &
Rainbow 1995, Bat et al. 1998, Rainbow et al. 2000,
Hadjispyrou et al. 2001, Barata et al. 2002). Very few
studies, however, have considered the effects of
metal-metal interactions at the subcellular level. In the
present study, several interesting Cd-Zn interactions
were observed in the accumulation and subcellular
distribution of these metals in A. franciscana.

Since Zn exposure did not vary among the Cd-series
treatments, a curve with a slope of zero (0) would be
expected for all Zn tissue burdens (i.e. whole body
tissue and subcellular fractions) in the absence of any
Cd-Zn interactions. Increased exposure to Cd (89
and 445 pM), however, suppressed whole body tissue
accumulation of Zn in Artemia franciscana (~50%),
which was reflected in the partitioning of Zn to HSP
(i.e. the reduction in the concentration of Zn to bound
to this fraction accounts for ~71 % of the decrease in
total tissue Zn concentration). A similar suppression of
whole-tissue Zn accumulation resulting from exposure
to Cd has been observed in larval prawns (Devineau
& Amiard-Triquet 1985). In terms of percentages, Cd
associated with HSP in A. franciscana increased (from
~47 to ~71%, a 24 % increase) with a corresponding
reduction in the partitioning of Zn to this fraction (from
~52 to ~29%, a 23 % decrease). Reduced partitioning
of Zn to HSP in the presence of high Cd may be attrib-
utable to (1) displacement of Zn by Cd ions, and/or
(2) the higher capacity of Cd (relative to Zn) to induce
MT in Artemia spp. (del Ramo et al. 1995, Mason &
Jenkins 1995, Martinez et al. 1999).

Despite indications that increasing Cd exposure
influenced the partitioning of Zn to other fractions,
these changes were not as remarkable as those
described above for the HSP fraction. For example,
reduced partitioning of Zn to cellular debris in the
presence of high Cd (445 pM) accounted for ~20 % of
the decrease in whole-tissue Zn concentrations. The
concentration of Zn bound to the ‘insoluble’ fraction
was also reduced at the highest Cd concentration
(445 pM) and may have been due to interactive effects
(e.g. competition for binding sites) on metal adsorption
to the Artemia franciscana exoskeleton (Robinson et al.
2002). Zn availability for enzymatic and other intra-
cellular processes in A. franciscana, however, may not
be affected by increasing Cd exposure, since there was
little or no variation in the partitioning of Zn to HDP
(e.g. ‘enzymes’') and organelles over the range of Cd
exposures (Depledge & Rainbow 1990, Wallace et al.
2003). This may suggest the existence of a mechanism
for Zn homeostasis in Artemia spp. (Martinez et al.
1999).

In terms of the influence of increasing Zn exposure
on the uptake and subcellular partitioning of Cd in
Artemia franciscana, there were several notable
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Cd-Zn interactions. For example, Cd accumulation
was enhanced (~1.6-fold) in the presence of 89 pM Zn.
This excess Cd was bound to organelles and ‘insoluble’
components and, to a lesser extent, HDP. The concen-
tration of Cd partitioned to the HSP fraction at the
89 uM Zn exposure was similar to that at control levels
of Zn. At the highest Zn exposure (445 pM), Cd con-
centrations in A. franciscana returned to control levels
as partitioning of Cd to the HSP, HDP and cellular
debris fractions decreased. Partitioning to organelles
and ‘insoluble’ components remained saturated. Al-
though increased accumulation of Cd in the presence
of increasing Zn exposure may be important in terms
of the potential for metal trophic transfer (see 'Con-
clusions’), repartitioning of Cd from HSP to metal-
sensitive HDP (e.g. ‘'enzymes’) and organelles may also
have implications for Cd toxicity (Silverberg 1976,
Brown et al. 1977, Viarengo et al. 1987, Wallace et
al. 2000, 2003).

Compartmentalization of Cd and Zn as TAM

Although there were concentration- and interac-
tion-dependent variations in the accumulation and
subcellular distributions of Cd and Zn, the implica-
tions for metal toxicity in Artemia franciscana are
uncertain. The partitioning of metals to a subcellular
compartment containing TAM, however, was clearly
impacted by these changes. The percentage of Cd
potentially available to predators (i.e. TAM-Cd%)
increased with increasing exposure of A. franciscana
to Cd and was due to increased partitioning of Cd to
HSP (e.g. MT). While whole body tissue Cd concen-
trations did not increase linearly over the entire range
of Cd exposures, there was greater than linear accu-
mulation of TAM-[Cd] in A. franciscana that were
exposed to 1 pM Cd (Zn-control). This greater than
linear increase in the potential availability of Cd to
predators of A. franciscana may be considered a
'‘bioenhancement’ of TAM (Wallace & Luoma 2003).
The observation of a ‘bioenhancement’ of TAM-[Cd]
for the 1 pM Cd level of exposure may be of particular
significance, as this concentration of Cd is only ~2.8x
the maximum permitted dissolved Cd concentration
in marine systems (US EPA 2001). Wallace et al.
(2000) demonstrated an MT-driven 'bioenhancement’
of Cd in Palaemonetes pugio that were subjected to
increased dietary exposure to Cd. Despite a shift in
the subcellular partitioning of Zn among TAM frac-
tions (from HSP to HDP and organelles), TAM-Zn% in
A. franciscana was constant over the range of the Zn-
series (Cd-control) exposures. A ‘bioenhancement’ of
TAM-[Zn] was, therefore, not observed for any of
these treatments.

Metal-metal interactions within Artemia franciscana
were also important in terms of influencing TAM-[Cd]
and TAM-[Zn]. For instance, TAM-[Cd] was elevated
in the presence of high levels of Zn (1, 89 and 445 pM),
while TAM-[Zn] was suppressed at the highest Cd
concentrations (89 and 445 pM). Interactive effects on
the partitioning of metal to the TAM compartment may
have important implications for consumers of prey that
are subjected to mixed-metal exposures, and requires
additional study.

Relationship between TAM% in Artemia franciscana
and AE% in a predator

Cd and Zn absorption by Palaemonetes pugio was
directly related to the partitioning of Cd and Zn to the
TAM compartment in Artemia franciscana exposed to
the Cd-control/Zn-control treatment. This provides a
further validation of the TAM concept (i.e. that metal
associated with HSP, HDP and organelles may repre-
sent bioavailable metal from the diet) (Wallace &
Luoma 2003). A similar (~1:1) relationship was estab-
lished between TAM-Cd% in oligochaetes and bi-
valves and AE-Cd% in grass shrimp (i.e. P. pugio and
Palaemon macrodactylus) (Wallace & Lopez 1997,
Wallace & Luoma 2003). The present study, however, is
the first to establish a relationship between the sub-
cellular partitioning of Zn in prey and trophic transfer
to a predator. The analysis of TAM may therefore serve
as a sensitive measure of Cd and Zn bioavailability in
prey and may be used to estimate the ‘dose’ of these
metals in the diets of some predators (Wallace et al.
2000, Wallace & Luoma 2003). TAM%-AE% relation-
ships for other predators (e.g. fishes), however, may
be expected to vary due to differences in digestive
physiology (Reinfelder et al. 1998, Ni et al. 2000).

CONCLUSIONS

Dietary exposure to metals can be an important
source of toxicity, and sublethal effects can occur at
metal concentrations that fall within regulatory guide-
lines (Wallace et al. 2000, Fisher & Hook 2002). The
present work has demonstrated that increased Cd
exposure through solution and increased partitioning
to a subcellular fraction containing heat-stable, metal-
binding proteins (e.g. MT) can result in a 'bioenhance-
ment' in the partitioning of Cd to a subcellular
compartment containing TAM.

In metal-impacted ecosystems, reliance on MT for
the detoxification of metal may have the effect of
increasing the potential for metal transfer to predators
(Wallace et al. 2000, 2003, Wallace & Luoma 2003).
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Organisms that rely on strategies other than MT for
metal detoxification (e.g. metal-rich granules), how-
ever, would be expected to have reduced concentra-
tions of metal associated with the TAM compartment
(Nott & Nicolaidou 1989, 1990, Wallace et al. 1998,
Wallace & Luoma 2003). The threat of dietary metal
exposure to a predator (i.e. TAM in prey) therefore
appears to be influenced by the primary mode of metal
detoxification within prey (Nott & Nicolaidou 1990,
Wallace & Luoma 2003).

The quantification of TAM in tissues of ecologically
and economically important species that inhabit metal-
impacted environments may serve as an indicator of
the potential for metal trophic transfer and associated
toxicity to predators within these systems (Wallace &
Luoma 2003). TAM may also be incorporated into mod-
els that are designed to predict the transfer of metals
through aquatic food chains (Thomann 1981).
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