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Abstract—The influence of metal exposure history on rates of aqueous Cd accumulation, elimination, and subcellular distribution
was examined in the aquatic insect Hydropsyche californica. Specimens were obtained from a reference site and a metal-contaminated
site and returned to the laboratory where they were continuously exposed to aqueous Cd (518 ng/L, nominal) for 6 d, followed by
9 d of depuration. Rates of Cd accumulation and elimination were similar in insects from the two sites. Efflux rate constants, ke,
ranged from 0.20 to 0.24/d (t1/2 ø 3 d). Immediately following exposure, the cytosol accounted for 40% of the body burden in
insects from both sites; however, 89 6 2% of the cytosolic Cd was associated with metallothionein-like proteins (MTLP) in insects
from the contaminated site, compared to 60 6 0% in insects from the reference site. The concentration of Cd bound to non-MTLPs
(representing potentially Cd-sensitive proteins) was significantly greater in the insects from the reference site (134 6 7 ng/g) than
in those from the contaminated site (42 6 2 ng/g). At the end of the depuration period, 90% of the accumulated Cd body burden
had been eliminated, and Cd concentrations in MTLPs and non-MTLPs were similar between the sites. Results suggested that
differences in exposure history had no influence on the bioaccumulation of Cd, but did affect the concentrations of Cd bound to
MTLP during Cd exposure in these insects.
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INTRODUCTION

Humankind’s use of metals has resulted in the extensive
contamination of freshwater ecosystems [1] that has had harm-
ful effects on fauna, including the aquatic insects [2], a highly
diverse and ecologically important group. Structural and func-
tional features of insect species assemblages can indicate eco-
logical impacts by metals [2,3], and some species have been
developed to monitor metal exposure [4]. The mechanistic
basis for ecological changes caused by metals is not well
known, however. This partly is because physiological mech-
anisms determining metal bioaccumulation and toxicity are not
known for most species [4–6]. The genus Hydropsyche, a
filter-feeding caddisfly, commonly is found in low to moder-
ately contaminated streams. Here, we address the physiological
basis for the insect’s observed metal tolerance in a comparative
study of populations having different exposure histories.

Comparative studies of populations can provide insights to
protective mechanisms and the toxicological implications of
metal body burdens of resident populations. Organisms that
inhabit contaminated sites must possess the physiological
means to prevent the toxic accumulation of metals at target
sites. To avoid toxicity, uptake and elimination kinetics need
to constrain the accumulation rates of metals to levels com-
mensurate with the organism’s capacity for detoxification and
storage [7]. A species may either possess these traits already
or develop them through physiological acclimation or the se-
lection of resistant genotypes. Thus, populations inhabiting
contaminated sites might express bioaccumulation kinetics
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and/or subcellular metal partitioning patterns distinct from un-
contaminated populations [8,9] if metal exposure modified
fluxes of metals either into or out of the body and/or enhanced
detoxification mechanisms.

Considerable attention has been directed at the subcellular
mechanisms involved in metal detoxification [7,10]. These
mechanisms include detoxification by metallothioneins, a fam-
ily of inducible metal-binding proteins, and sequestration and
storage in structures such as granules. The signaling pathway
for metallothionein induction is highly sensitive to the uptake
of Cd. Pre-exposure to even low levels of Cd has been shown
to increase translation rates of metallothionein relative to or-
ganisms that were not pre-exposed [11,12]. The increase in
metal-binding capacity by induced metallothionein is related
to increased protection against toxicity [11]. The proliferation
of intracellular granules in metal-contaminated organisms sug-
gests that this is another means to reduce metal interactions
with target sites [13].

The effect of metal pre-exposure on metal uptake and elim-
ination is not as well studied as subcellular mechanisms. Ev-
idence from experimental and field studies of invertebrates
shows that pre-exposure can affect rates of metal accumulation
[8,14–16], although a response may depend on a number of
factors, including pre-exposure concentrations and the result-
ing body burdens [16,17], and species- and metal-specific
mechanisms controlling accumulation and detoxification
[18,19]. For example, studies of Cd in marine bivalves suggests
that, when pre-exposures raised body burdens to relatively high
concentrations, dietary uptake of the element increased, pos-
sibly in response to increased binding of Cd to metallothionein-
like proteins (MTLP) [14,16]. However, this response does not
always occur in nature [17], perhaps because exposure levels
and the associated tissue concentrations are not high enough
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Fig. 1. Map of upper Sacramento River (CA, USA) showing the sites
where Hydropsyche californica were collected for this study. The
Sacramento River at Redding is contaminated chronically from mine
waste draining into the Sacramento River via Spring Creek and Kes-
wick Reservoirs. Battle Creek is an uncontaminated tributary of the
Sacramento River.

to affect metal kinetics. In contrast to bivalves, a barnacle was
not affected by pre-exposure, a difference that may be related
to the fact that this organism stored excess metals in intra-
cellular granules, relying less on MTLP for detoxification
[18,20]. Effects of pre-exposure on uptake from solution rarely
have been observed in invertebrates [15]. Rainbow et al. [20]
suggested that effects on solute uptake may be expressed only
where strong selective pressure is exerted from high chronic
exposures. Therefore, the existing literature suggests that rates
of metal uptake and loss may be modified in some species if
metal exposures are high enough either to induce physiological
acclimation or exert strong selective pressures for resistant
genotypes. Where populations are exposed to low to moderate
levels of contamination, a common occurrence, effects on met-
al kinetics are less certain.

Here, we examine the effects of a history of moderate metal
exposure [21,22] on rates of accumulation and elimination and
intracellular partitioning of Cd in the caddisfly Hydropsyche
californica following aqueous exposure. Aspects of metal bio-
accumulation and tolerance in the genus have been considered
previously [6,23]; however, no study has attempted to deter-
mine whether metal-exposure history modifies physiological
processes related to Cd bioaccumulation and detoxification,
which thereby could affect the vulnerability of Hydropsyche
to metals.

MATERIALS AND METHODS

Source populations

Insects used for the study were collected on October 13,
2003, from two sites, the Sacramento River at Redding and
Battle Creek, located in the catchment of the upper Sacramento
River (CA, USA; Fig. 1). The upper Sacramento River has a
long history of metal contamination due to drainage from base-
metal mines in the watershed [21]. Metals, including Cu, Cd,
and Zn, drain from inoperative mines on Iron Mountain into

Spring Creek and contaminate water [21], sediments, and in-
vertebrates [22] in the upper Sacramento River downstream
of Keswick Reservoir (Fig. 1). A previous study showed that
Cd, in particular, was bioaccumulated by resident caddisflies
in the upper Sacramento River [22]. Therefore, caddisflies col-
lected from the Sacramento River at Redding for this study
were assumed to have been exposed chronically to Cd. Ani-
mals also were collected from Battle Creek approximately 8
km upstream of its mouth. Battle Creek is a tributary of the
Sacramento River located more than 30 km downstream of
Redding. It has no documented anthropogenic enrichment of
metals and, therefore, we expected it to represent a reference
condition.

Caddisflies from each site were collected by hand from
cobble and boulders gathered in ,0.3-m water depth. Indi-
viduals were removed carefully from their retreats to avoid
injury and placed into Whirl Pakt bags (NASCO, Modesto,
CA, USA) filled with site water. Bags were placed in an ice
cooler for transport to the laboratory the same day of collec-
tion.

Laboratory procedures and elemental analysis

Insects were transported to an environmentally controlled
room with a light:dark photoperiod of 16:8 h and a constant
temperature of 158C. Several individuals from each site were
collected randomly for taxonomic identification. The remain-
ing animals were transferred to soft artificial river water (48
mg/L NaHCO3, 30 mg/L CaSO4·2H2O, 30 mg/L MgSO4, and
2 mg/L KCl, nominal hardness of 40–48, nominal alkalinity
of 30–35, and pH 6.8) [24]. This water was used throughout
the experiment in order to facilitate comparisons of results
with other species examined in our laboratory [5]. Insects were
acclimated to laboratory conditions for 4 d before experimen-
tation and fed a diet consisting of alfalfa and Spirulina aquar-
ium flake food (Ocean Star International Marine Lab, Burlin-
game, CA, USA) ad libitum. On the second day of acclimation,
depuration of unassimilated, metal-contaminated food present
in the animals’ guts at the time of collection was assumed
largely to be complete [25]. Thus, individuals from the Sac-
ramento River (n 5 5) and Battle Creek (n 5 10) were placed
into individual acid-washed polypropylene snap-cap vials with
a small amount of artificial stream water (to prevent desic-
cation) and then frozen for subsequent elemental analysis. The
remaining animals were acclimated for two more days. These
insects were not fed for 1 d before experiments to reduce
production of feces that could bind solute metal and alter ex-
posure conditions. Only apparently healthy, active animals
were used in the experiments.

Metal exposures at the two sites were assessed by analyzing
whole body metal concentrations of those animals sampled on
the second day of acclimation (see above, this section). Hy-
dropsyche were prepared using trace element clean techniques
following a micro-digestion procedure described by Croteau
et al. [26]. Samples were analyzed by inductively coupled
plasma-mass spectrometry.

Experimental design

The experimental exposures were conducted in the envi-
ronmentally controlled room at the same temperature and pho-
toperiod as described above (see Laboratory procedures and
elemental analysis section). Exposure chambers were four 1-
L polypropylene beakers. A piece of 0.5-mm nylon mesh (11
3 16.5 cm) was placed in each beaker to provide an attachment
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surface for the insects. Air was bubbled steadily into the con-
tainers to maintain dissolved oxygen concentrations and pro-
vided constant water movement. Nominal experimental ex-
posures were set at 518 ng Cd/L (;4 nM), an environmentally
realistic level of contamination [26]. This concentration was
expected to induce detoxification mechanisms and avoid acute
toxicity. Artificial soft river water (1.0 L) was spiked with 0.5
ml CdCl2 stock solution (1 mg Cd/ml in 0.1N HNO3), 2.0 ml
109CdCl2 stock solution (9 ng Cd/ml in 0. 1N HNO3 having a
specific activity of 2.14 mCi/L). The pH was adjusted to 6.8
by the addition of 0.1 N NaOH. Forty individuals from each
site were divided randomly between replicate exposure cham-
bers (2 exposure chambers per site 3 20 individuals per cham-
ber) and then exposed for 6 d without feeding. The exposure
was terminated after 6 d to avoid starvation. After each day
of exposure, 10 individuals were subsampled randomly from
each exposure chamber (n 5 20 for each site), rinsed with
unspiked artificial river water, transferred to 20-ml vials con-
taining artificial river water, assayed in vivo for radioactivity,
weighed, and then returned to their respective exposure cham-
bers. Water in the exposure chambers was assayed each day
and renewed on days two and four.

After 6 d of exposure, half of the individuals from each
site were rinsed with artificial river water, placed into vials,
and then stored at 2808C for subsequent subcellular fraction-
ation. The remaining individuals were rinsed and transferred
to separate 2-L aquaria equipped with a circulating pump and
activated carbon filters. A small amount of gravel and small
cobbles collected from Battle Creek, the reference site, was
placed in the aquaria. Insects were provided additional food
(Spirulina aquarium flake food, Ocean Star International Ma-
rine Lab) and maintained in these systems for 9 d. Water was
assayed daily for radioactivity, and the carbon filters and water
were changed as needed.

At least half of the individuals from each site were sub-
sampled randomly and assayed for radioactivity during the
depuration phase (n 5 15–17 for Battle Creek and n 5 10–
14 for the Sacramento River). Animals were assayed daily for
the first 5 d and thereafter every 2 d. Individuals were rinsed
with artificial stream water, placed into counting vials filled
with artificial water for in vivo assay, and afterward returned
to their aquaria. Depuration was terminated after 9 d, at which
time most of the radioactivity had been eliminated from the
insects. Insects were counted a final time, then sealed in count-
ing vials (without water) and stored at 2808C.

Subcellular fractions were obtained on samples collected
at the end of the exposure (day 6) and depuration (day 15) in
order to determine if the distribution of Cd changed during
depuration. Subcellular fractions were prepared by differential
centrifugation, combined with chemical or heat treatment of
some of the fractions as described previously [6,27]. Whole
larvae were thawed partially and weighed. Eight to 10 larvae
were combined to prepare a composite sample with ample
biomass (;200 mg) for tissue homogenization and then as-
sayed to obtain the initial radioactivity. The samples were
homogenized with a Polytront (Brinkmann Instruments, New
York, NY, USA) in 0.05M Tris-HCl buffer (refrigerated, N2

saturated, pH 7.4) for 1 min. The homogenate was separated
sequentially into six operationally defined subcellular fractions
comprising the cell debris containing metals solubilized from
the 800 g pellet by digestion in 0.5N NaOH for 1 h at 708C,
a residual, nonbiologically active fraction containing metals
not solubilized by the NaOH treatment, intracellular organelles

(i.e., mitochondria, lysosomes, microbodies), microsomal frac-
tion, cytosolic proteins denatured by heat treatment, and heat-
stable cytosolic proteins. Heat-stable cytosolic proteins were
not characterized further but were assumed to represent me-
tallothionein-like proteins [28]. Hereafter, the heat-stable and
heat-denatured protein fractions are referred to as metallo-
thionein-like proteins (MTLP) and nonmetallothionein-like
proteins (non-MTLP), respectively. Subcellular fractions im-
mediately were counted for radioactivity.

Cadmium concentrations of the subcellular fractions were
summed into operationally defined metal-sensitive and detox-
ified compartments for the insects from each site [27] for com-
parative purposes. The metal-sensitive compartment included
the non-MTLP, microsomes, and organelles, and the detoxified
metal compartment included the MTLP. Metals solubilized by
NaOH digestion were combined with the residual fraction into
a single compartment that we termed cell debris. We did not
attribute any toxicological significance to this compartment
because it likely contains metals bound to both sensitive (e.g.,
nonspecific binding to membrane-bound proteins and nuclear
components) and nonsensitive sites (e.g., nonspecific binding
to chitin). The NaOH digestion is intended to isolate a residual
fraction containing metal-rich granules [27]. However, it is
unlikely that these structures were formed during the short
exposure time and low Cd concentration of our experiment
[7]. Therefore, the functional role of the residual fraction prob-
ably does not represent a detoxification product as conceived
by Wallace et al. [27].

Data analysis

Radioactivity (disintegrations per min) of the samples was
calibrated against prepared standards and converted to tissue
concentrations of Cd (ng/g wet wt). Growth was not noticeable
from the mean wet weights of samples recorded during the
course of the experiment and, therefore, was not considered
in the calculation of tissue concentration. The proportional
distribution of Cd among subcellular fractions was based on
the summation of all fractions and not the initial whole body
concentrations, because recovery of Cd was less than 100%
(see Subcellular distribution section).

Rates of Cd accumulation (ng/g/d) and proportional loss
(per d) in insects from the two sites were compared using
analysis of covariance, in which Cd accumulation was the
dependent variable, day was the continuous variable, and site
was the categorical factor. Curves for Cd accumulation during
the exposure phase of the experiment were fit by linear re-
gression and the slopes were analyzed for significant difference
(p , 0.05). The loss curves were examined from the log-
transformed proportional concentrations (Cdt/Cd0 where Cdt is
the Cd concentration on a given day during depuration and
Cd0 is the initial Cd concentration). Portions of the curve that
displayed relatively slow and constant loss over time were
analyzed by analysis of covariance to compare loss rates be-
tween sites. The efflux rate constants, ke (per d), were estimated
from the slopes of these lines. Comparisons of Cd in whole
bodies and subcellular fractions of insects between the sites
were made with analysis of variance. Data were transformed
as necessary to meet the assumptions of the model. If trans-
formation did not correct the data, then the Kruskal-Wallis
analysis of variance was performed. Statistica software (Ver-
sion 7) by StatSoft (Tulsa, OK, USA) was used for all statistical
analysis.
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Table 1. Metal concentrations of Hydropsyche californica (whole
body, dry wt, mean 6 1 standard deviation, n 5 5–10) from Battle
Creek (CA, USA) and the Sacramento River at Redding (CA, USA)
in October 2003. An asterisk indicates a significant difference in the

metal concentration of insects between the sites (p , 0.05)

Site

Concn. (mg/g)

Cd Cu Zn

Battle Creek
Sacramento River

0.05 6 0.03*
1.05 6 0.26*

18.8 6 5.0
23.2 6 2.8

111 6 31
120 6 12

Fig. 2. Cadmium accumulation in Hydropsyche californica collected
from Battle Creek (CA, USA; reference site; open symbol, dashed
line) and the Sacramento River (CA, USA; contaminated site; closed
symbol, solid line), and subsequently exposed for 6 d to dissolved
Cd (0.518 mg/L, nominal). Data are the mean 6 1 standard deviation
for n 5 10 and were fit by linear regression.

Table 2. The mean body weight, Cd accumulation rate, Cd efflux rate constant (ke), and biological half-
life of Cd in Hydropsyche californica from two sites. Battle Creek (CA, USA) was the reference site
and Sacramento River (CA, USA) was the contaminated site. The mean body weights were derived
from repeated measurements of randomly selected individuals assayed for radioactivity during the
experiment. The estimated rates are based on wet weight. The errors associated with the means are the

95% confidence intervals

Site
Wet wt
(mg)

Accumulation rate
(ng/g/d)

ke

(/d)
t1/2

(/d)

Battle Creek
Sacramento River

26.6 6 1.1
24.6 6 1.8

157 6 43
186 6 48

0.20 6 0.02
0.24 6 0.04

3.4
2.9

Instrumentation and quality control

All gamma counting was performed using a Wallac 1480
gamma counter (Gaithersburg, MD, USA) equipped with a NaI
crystal. Counting times were for 3 min, producing counting
errors of ,10%. Radioactivity was calibrated with prepared
counting standards and blanks and was corrected for decay
and counting efficiency. Percent recovery of radioactivity in
whole organisms from the subcellular fractions were compa-
rable between sites, ranging from 76 to 81% with means 6 1
standard deviation of 79 6 4 and 76 6 2 for insects from
Battle Creek and the Sacramento River, respectively.

Nonradioactive metals analysis was performed with a Per-
kin-Elmer (Wellesley, MA, USA) Elan 6000 (single detector,
quadrapole) inductively coupled plasma–mass spectrometry.
Quality control for elemental analysis by inductively coupled
plasma–mass spectrometry included re-analysis of a calibra-
tion standard (;every 10 analyses) and analysis of process
blanks and certified reference material for biological tissue
(Tort-2, National Research Council Canada, Ottawa, ON, Can-
ada). Method detection limits for Cd, Cu, and Zn were ,0.001,
0.001, and 0.010 mg/L, respectively. Results for process blanks
and the reference material (mean 6 95% confidence interval)
are summarized. Process blanks for Cu and Zn were 0.08 6
0.09 and 0.88 6 1.44 mg/L, respectively. Cadmium was not
detected. Measured concentrations in Tort-2 were 24.9 6 1.5
mg Cd/g, 105 6 0.4 mg Cu/g, and 142 6 17 mg Zn/g. Measured
concentrations of Cd and Cu agreed with the certified means
(26.7 6 0.6 mg Cd/g and 106 6 10 mg Cu/g), and the measured
Zn concentrations were 21% less than the certified mean (180
6 6 mg Zn/g).

RESULTS

Site-specific body burdens

Concentrations of Cd, Cu, and Zn measured in resident
caddisflies 2 d after they were collected are shown in Table
1. Caddisflies from the Sacramento River were enriched in Cd
relative to Battle Creek (p , 0.05), and Cu and Zn concen-
trations were not significantly different between the two sites.

Cadmium accumulation and loss

Cadmium increased steadily and similarly in insects from
both sites and did not reach steady state during the 6-d ex-
posure (Fig. 2). The Cd accumulation rates estimated by the
slopes of the linear regressions of the observed Cd tissue con-
centrations over days one through six were 157 6 43 (mean
6 95% confidence interval) and 186 6 48 ng/g/d for Battle
Creek and the Sacramento River, respectively (Table 2). These
rates were not significantly different ( p , 0.05). The mean
for the combined data was 171 6 31 ng/g/d.

Elimination of Cd during the 9-d depuration phase of the
experiment was biphasic, characterized by rapid loss (;half
the body burden) within the first day, followed by a slower
phase of loss for the remaining 8 d (Fig. 3). Only about 10%
of the accumulated Cd was retained at the end of the exper-
iment. Data from days one through nine were used to compare
elimination from the slower compartment, which probably bet-
ter represented the physiological loss of Cd from the animals.
Analysis of covariance did not detect any difference in the
slopes of the curves between the sites. The estimated efflux
rate constants were 0.20 6 0.02/d for Battle Creek and 0.24
6 0.04/d for the Sacramento River (Table 2). Biological half-
lives of Cd were 3.4 and 2.9 d for Battle Creek and the Sac-
ramento River, respectively (Table 2).

Subcellular distribution

Although Cd body burdens were similar between insects
from the two sites at the end of the exposure phase of the
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Fig. 3. Retention of Cd in Hydropsyche californica from Battle Creek
(CA, USA; reference site; open symbol) and the Sacramento River
(CA, USA; contaminated site; closed symbol) following a 6-d ex-
posure to dissolved Cd. Data are the mean 6 1 standard deviation
for n 5 2 to 17.

Fig. 4. Cadmium accumulation (percent of total recovered in subcel-
lular fractions) in cytosolic metallothionein-like proteins (MTLP) and
non-MTLP in Hydropsyche californica from Battle Creek (CA, USA;
reference site) and the Sacramento River (CA, USA; contaminated
site) after a 6-d exposure to dissolved Cd (0.518 mg/L, nominal). Data
are the mean 6 1 standard deviation (n 5 2 composites, each with
8–10 individuals).

Table 3. Cadmium (ng/g wet wt, mean 6 1 standard deviation) in subcellular fractions of the tissues of Hydropsyche californica from two sites
(CA, USA). Battle Creek was the reference site and Sacramento River was the contaminated site. Subcellular fractionation was performed after
6 d of exposure to aqueous Cd (exposure phase, n 5 2 composites) and after 9 d of depuration (depuration phase, n 5 1 composite). The MTLP
and non-MTLP fractions are, respectively, the metallothionein-like protein and non-metallothionein-like protein fractions of the cytosol. An

asterisk indicates a significant difference in the concentration of Cd within a subcellular fraction between the sites ( p , 0.05)

Phase of
experiment Site

Subcellular fractions

MTLP Non-MTLP Organelles Microsomes Cell debris

Exposure Battle Creek
Sacramento River

201 6 10
346 6 105

134 6 7*
42 6 2*

85 6 29
51 6 17

78 6 4
69 6 18

302 6 82
430 6 39

Depuration Battle Creek
Sacramento River

23
18

14
7

4
5

5
5

44
22

experiment, the subcellular distribution of Cd differed, partic-
ularly with respect to the cytosolic MTLPs and non-MTLPs.
The whole-body concentrations in samples used for subcellular
fractionation were 1,132 6 87 ng/g (mean 6 1 standard de-
viation) and 1,269 6 335 ng/g for Battle Creek and the Sac-
ramento River, respectively. Total concentrations of cytosolic
Cd (MTLP 1 non-MTLP) in the insects were comparable be-
tween sites and accounted for approximately 40% of the total
recovered Cd (Fig. 4). However, the relative distributions of
Cd between MTLP and non-MTLP were different between the
sites. In the insects from Battle Creek, somewhat more Cd was
associated with the MTLP fraction (25 6 1% of the total
recovered Cd or 60 6 0% of the cytosol) than the non-MTLP
fraction (18 6 1% of the total recovered Cd or 40% of the
cytosol). In the Sacramento River group, Cd primarily was
associated with MTLP, accounting for 36 6 4% of the recov-
ered Cd or 89 6 2% of the total cytosolic Cd burden. Only 5
6 1% of the total recovered Cd was in the non-MTLP fraction
of insects from the Sacramento River, which was significantly
less (p , 0.05) than insects from Battle Creek. Average con-
centrations of Cd bound to MTLP in the Battle Creek and
Sacramento River insects were, respectively, 201 6 10 ng/g
and 346 6 105 ng/g and (p . 0.05; Table 3). Concentrations
of Cd bound to non-MTLPs were significantly greater in the
insects from Battle Creek (134 6 7 ng/g) than in those from
the Sacramento River (42 6 2 ng/g) (p , 0.05). Thus, the
concentrations of Cd bound to potentially metal-sensitive cy-

tosolic proteins differed by more than threefold between the
sites. Cadmium concentrations in the other subcellular frac-
tions were not significantly different between the sites (Table
3). The quantity of Cd associated with the cell debris was
relatively high (37–46%) comparable to the cytosol. The or-
ganelles and microsomal fractions each contained relatively
small amounts (,12%) of the accumulated Cd.

The partitioning patterns of the detoxified and metal-sen-
sitive compartments of the subcellular fractions differed be-
tween sites (Fig. 5). In the insects from Battle Creek, more
Cd was accumulated in the metal-sensitive compartment than
in the detoxified compartment, the two compartments repre-
senting 38 6 6% and 25 6 1%, respectively, of the recovered
Cd. The metal-sensitive and detoxified compartments in the
Sacramento River insects contained 17 6 1% and 36 6 4%
of the recovered Cd, respectively. The percent of Cd in each
compartment was significantly different between the sites
( p , 0.05). The compartmentalization of Cd in insects from
each site largely reflected the Cd concentrations in MTLPs and
non-MTLPs.

Cadmium was eliminated from all subcellular fractions (Ta-
ble 3). Furthermore, no subcellular fraction in the tissues of
insects from either site appeared to retain a disproportionate
amount of the Cd body burden. For example, 83 to 95% of
accumulated Cd was eliminated from both cytosolic protein
pools. As a result, the absolute and relative concentrations of
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Fig. 5. The pie charts represent the proportional distribution of Cd
among detoxified (Detox) and metal-sensitive (MS) subcellular com-
partments and the cell debris in Hydropsyche californica after a 6-d
exposure to dissolved Cd (0.518 mg/L, nominal). Battle Creek (CA,
USA; reference site) is shown in the top panel (A), and the Sacramento
River (CA, USA; contaminated site) is shown in the bottom panel
(B).

Cd in the MTLP and non-MTLPs were similar between the
sites at the end of depuration (Table 3).

DISCUSSION

Cadmium concentrations in Hydropsyche from Battle
Creek were equivalent to those found in a regional reference
stream sampled in an earlier study [22], verifying the lack of
a contamination history in Battle Creek. The upper Sacramento
River has a long history of contamination by a mixture of
metals due to drainage from base-metal mines in the watershed
[21]. Metal concentrations in water [21], river channel sedi-
ments [22], and H. californica [22] decrease downstream from
documented metal sources. From samples collected in 1997,
Cain et al. [22] noted that concentrations of Cd in the cytosol
of H. californica (used to indicate exposure to bioavailable
metal) was elevated particularly relative to other metals, in-
cluding Cu and Zn. Cadmium also was elevated in samples
collected for this study in October 2003, exceeding concen-
trations in Battle Creek by more than an order of magnitude.
Because the life cycle of hydropsychid caddisflies is typically
one year, it is likely that H. californica residing in the upper
Sacramento River were exposed to moderate levels of Cd and
other metals over many generations. To our knowledge, no

studies have been conducted to determine if the population
has evolved resistance to metals.

No evidence supported that exposure history modified ei-
ther uptake or efflux of aqueous Cd in H. californica. Rates
of Cd accumulation and efflux essentially were the same for
the insects from both sites. These results are consistent with
most studies that have examined aquatic invertebrates col-
lected from sites having different levels of metal contamination
[17,20,29]. Effects, when they were observed, appeared to
involve small changes in dietary uptake of metals in animals
having relatively high body burdens [16]. Effects of exposure
history on dietary processes affecting Cd bioaccumulation in
Hydropsyche should be considered in future studies. However,
it appears that modification of metal fluxes in wild populations
is uncommon and may be noticeable only where extreme ex-
posures have selected for resistant genotypes.

Information on uptake kinetics in Hydropsyche that we can
compare to our results is limited to two other studies. Buch-
walter and Luoma [5] reported Cd accumulation rates in H.
californica and Hydropsyche oslari of 0.45 and 0.29 ng/g/h,
respectively, over 4 h of exposure at 32 ng/L. Converting these
data to ng/g/d and dividing by the exposure concentration gives
estimates of 0.34 and 0.22 (L/g/d) for the uptake rate constant,
ku. The estimated uptake rate constant for our experimental
conditions was 0.34, similar to those reported by Buchwalter
and Luoma [5]. Evans et al. [30] extracted ku for Cd in Hy-
dropsyche betteni by modeling the observed accumulation
data. The estimated uptake rate constant for that species was
approximately 0.4 to 0.6 L/g/d (converted from the reported
rate of 4 L/g dry wt/d and assuming 85–90% moisture content).
From the limited data, uptake rates of Cd appear to be rea-
sonably similar among species of Hydropsyche, and are mod-
erately fast compared to some other insect species [5]. None-
theless, physiological modification to reduce influx rates of
Cd does not seem to be part of an adaptive response to chronic
metal exposure.

Depuration of Cd was biphasic, suggesting the involvement
of two compartments. Loss of Cd in the phantom midge, Chao-
borus americanus, also appeared to involve two compartments
[31]. The faster compartment possibly included Cd bound to
low affinity sites, which quickly exchanged when the animals
were moved into clean water. Our loss constant (ke) was based
on elimination from the slower compartment, which others
have argued usually dictates metal bioaccumulation over the
longer exposure times experienced by animals in nature [32].
Our estimates of ke ranged from 0.20 to 0.24/d, in close agree-
ment with those reported for H. betteni (0.21–0.24/d) [30].

Increasing efflux rates in response to chronic metal expo-
sure may not be a great selective advantage to Hydropsyche,
because efflux of Cd already appears to be among the highest
reported for an aquatic invertebrate. Rates in Hydropsyche
roughly are comparable to those observed in the midge Chi-
ronomus riparius [33] and in a marine copepod [34], some-
what faster than in the phantom midge Chaoborus spp. [35],
and more than an order of magnitude faster than rates observed
in freshwater and marine bivalves [36,37] and a marine bar-
nacle [20]. The fast elimination of Cd would be consistent
with the relatively low Cd body burdens observed in the genus
[6] and probably is an important trait allowing Hydropsyche
to survive in metal-contaminated streams.

Cadmium primarily was accumulated in the cell cytosol
and the cell debris. Lesser amounts were associated with the
organelle (e.g., mitochondria and lysosomes) and the micro-
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somal fractions. These results generally agree with partitioning
patterns observed in other aquatic species [6,27,38].

The partitioning of cytosolic Cd between MTLP and non-
MTLP was the most distinguishing feature of Cd accumulation
between insects from the reference site and the contaminated
site. The induction of MTLPs by Cd is well-documented
[7,11], and we assume that the 6-d exposure increased Cd
tissue concentrations to levels sufficient to induce MTLPs in
Hydropsyche. We cannot ascertain the mechanism responsible
for the site-specific difference in Cd–MTLP concentrations at
the end of the exposure period, although two explanations are
plausible. The first assumes physiological acclimation, where-
by pre-exposure to metals conditioned cells for increased syn-
thesis of MT by promoting the transcription of mRNA [12].
Accordingly, metal exposures in the Sacramento River pro-
moted transcription of (MTLP) mRNA in the individuals from
that site. Higher concentrations of (MTLP) mRNA would in-
crease rates of MTLP synthesis relative to the group from
Battle Creek during the subsequent experimental exposure.
Another mechanism that could increase (MTLP) mRNA tran-
scription rates is gene duplication [39].

The association of Cd with non-MTLPs in insects from
both sites indicated that induction of MTLP was not com-
pletely effective in blocking Cd from binding nonspecifically
to other cytosolic ligands. However, in the Sacramento River
insects, binding of Cd to MTLP appeared to be more effective
at limiting interaction with non-MTLPs. Conversely, the par-
titioning pattern in the insects from Battle Creek suggests low-
er levels of MTLP were available to prevent the potentially
more damaging effects associated with binding of Cd to other
cytosolic ligands [38]. This raises the possibility that an un-
usual pulse of metal would have a greater adverse effect on a
naı̈ve population than on a population with a history of metal
exposure.

Internal transport and storage of Cd could alter its tissue
and subcellular distribution over time [40]. In this experiment,
we obtained subcellular fractions at the end of the accumu-
lation and depuration phases, but there was no evidence that
the subcellular distribution of Cd in Hydropsyche changed
under our experimental conditions. Losses of Cd occurred in
all subcellular fractions at roughly the same rates. Thus, the
proportional distributions of Cd among subcellular fractions
at the end of the exposure phase and after 9 d of depuration
were similar. Nearly all (;90%) of the Cd accumulated in the
MTLP fraction was eliminated from the animal over the 9-d
depuration period, indicating a rapid turnover of MTLP-bound
Cd. Also, there was no evidence that higher Cd–MTLP con-
centrations in the insects from the Sacramento River signifi-
cantly affected the retention time of Cd in the body, because
the Cd efflux rate was similar to the efflux rate in the insects
from Battle Creek. Thus, increased levels of Cd–MTLP did
not appear to alter the rate constant of loss.

A high proportion of Cd typically is associated with MTLP
in Hydropsyche. Analyses of resident populations of Hydro-
psyche in the upper Sacramento River [22] and in the Clark
Fork of the Columbia River (Montana, USA), in which sed-
iments chronically are contaminated by metals [6], showed
that the cytosol was a principal accumulation site for Cd, rep-
resenting roughly 40 to 60% of the body burden. This is com-
parable to the results obtained from our experimental expo-
sures. It also suggests that Hydropsyche does not store large
amounts of the Cd body burden in intracellular granules [6].
High rates of Cd efflux are consistent with that observation.

Other processes also may prevent the build up of granules. It
has been suggested that intracellular granules may be excreted
at particular stages of an aquatic insect’s lifetime, for example
during molting [41].

Species of Hydropsyche are common members of benthic
macroinvertebrate species assemblages in many river systems.
They are considered relatively metal tolerant and often are a
dominant taxon in streams affected by metals. The results of
this study and others show that the genus possesses physio-
logical qualities that could reduce its risk to metal exposure.
Although uptake of dissolved Cd by Hydropsyche is relatively
fast among aquatic insects [5], the rapid efflux of Cd by Hy-
dropsyche constrains its rate of accumulation. Metal exposure
history had no detectable effect on either the uptake or efflux
of aqueous Cd in the insects we tested, implying that site
differences in metal contamination levels would not affect
comparisons of metal bioaccumulation and, hence, interpre-
tations of Cd bioavailability. Testing of more populations could
determine whether this is a general phenomenon within the
genus. However, the short biological half-life of Cd suggests
that body burdens in resident populations reflect recent ex-
posures. Biomonitoring designs need to consider this because
fluctuations in exposures could be missed unless samples are
collected frequently. A portion of the Cd body burden appears
to be bound to MTLP, the putative detoxification mechanism.
Exposure to moderate levels of Cd (e.g., as in the Sacramento
River) can increase the Cd–MTLP binding capacity, thus en-
hancing the protection of metal-sensitive sites. Presumably,
metal tolerances of resident populations could vary depending
on their exposure histories. The ability to limit Cd bioaccu-
mulation and increase detoxification of Cd by MTLP would
appear to be highly effective traits in reducing the animal’s
risk to Cd exposure and likely are related to its observed metal
tolerance and presence in metal-contaminated streams.
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