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a b s t r a c t
The uptake kinetics of waterborne Ca and Cd, both independently and in combination, were examined in
C. riparius larvae, which are extremely Cd tolerant. Larvae exposed to Ca (100–2500 mol L−1 ), exhibited
classic Michaelis–Menten saturation kinetics for Ca inﬂux, measured using 45 Ca as a radio-tracer. The
Ca
maximum rate of Ca inﬂux (Jmax
) was 0.39 mol g−1 h−1 , and the Ca concentration where the carrier
Ca
reached half saturation (KM
) was 289 mol L−1 . Cd inﬂux was measured using 109 Cd as a radio-tracer in
Ca
larvae exposed to Cd (0–1400 mol L−1 ) while the Ca concentration was set to the KM
. This revealed a
Cd
Jmax
(2.26 mol g−1 h−1 ) which was nearly 6-fold higher that of Ca. This unusually high capacity for Cd
uptake is in accordance with the huge tissue Cd burdens that chironomid larvae are able to accumulate
Cd
during high level exposures. The apparent KM
(1133 mol Cd L−1 ), when recalculated to account for the
background Ca level, was still high (567 mol Cd L−1 ), suggesting that this organism has a low afﬁnity
for Cd relative to most aquatic animals, indeed lower or comparable to its afﬁnity for Ca. In consequence,
even well above environmentally relevant Cd exposures, C. riparius does not accumulate Cd at the expense
of Ca, thereby avoiding internal hypocalcaemia, in contrast to most other organisms which are much
more sensitive to Cd. However, Ca inﬂux was signiﬁcantly reduced when 1200 mol Cd L−1 was added to
Ca
Ca exposures (96–2410 mol L−1 ). Michaelis–Menten analysis revealed a similar Jmax
in Cd-exposed and
Ca
control larvae (i.e. exposed only to Ca), but that the apparent KM
was many-fold higher in larvae which
were simultaneously exposed to Ca and Cd. Conversely, increasing Ca concentrations (96–2410 mol L−1 )
progressively inhibited Cd uptake from a Cd exposure concentration (1200 mol L−1 ), providing additional
support for a common transport system. These results suggest that the interaction of Cd and Ca in C.
riparius is one of simple competitive interaction, and that the unusual Cd transport kinetics (low afﬁnity,
high capacity) relative to fairly standard Ca transport kinetics help explain the unusual tolerance that this
organism has to acute Cd exposure.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
The aquatic larvae of midge ﬂies, also known as chironomids, are
tolerant to a range of adverse environmental conditions including
near anoxia (Irving et al., 2004) and elevated metal contamination
(Wentsel et al., 1978; Krantzberg and Stokes, 1989; Postma et al.,
1996). The incredible Cd resistance of late instar Chironomus riparius larvae was demonstrated in an earlier study (Gillis and Wood,
2008) where the acute waterborne Cd LC50 (48 h exposures) of
over 1 g L−1 (∼10 mmol L−1 ) illustrated that this organism is one
of the most, if not the most, Cd-tolerant aquatic organisms stud-
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ied (see also Béchard et al., 2008). The mechanism of acute Cd
toxicity appears to be interference with whole-body calcium regulation resulting in hypocalcaemia, but this interference only occurs
at industrial-type concentrations. Furthermore, during such exposures, Cd accumulates in the whole body of the organism to levels
(>50 mol g−1 ) as much as 5-fold greater than normal whole-body
Ca concentration (10–15 mol g−1 ). This raises interesting questions about the interaction of Ca and Cd uptake in this animal.
The mechanism of acute Cd toxicity has been well investigated in
ﬁsh (reviewed by Wood, 2001) but less so in aquatic invertebrates.
In freshwater ﬁsh, Verbost et al. (1987, 1988, 1989) provided evidence that Cd enters gill cells though apical Ca channels and then
blocks the basolateral Ca-transporting ATPase pump so that active
Ca inﬂux becomes impaired. Overall, the nature of this interaction
between Cd and Ca transport appears to be simple competitive inhibition (Chang et al., 1997, 1998; Niyogi and Wood, 2004). The high
toxicity of Cd to freshwater ﬁsh, with acute LC50s usually in the
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low microgram per liter range (∼nmol L−1 ) range is explained by
the fact that the afﬁnity of the transport sites for Cd is 3–4 orders
of magnitude greater (i.e. much lower KM ) than for Ca, even though
the maximum transport capacity (Jmax ) of these sites may be much
greater for Ca than for Cd. Thus ﬁsh die of hypocalcaemia, even
though body Cd burdens remain very low (Hollis et al., 1999; Niyogi
and Wood, 2004).
From the few studies which have investigated Ca and Cd interactions in chironomid larvae it appears that the mechanism of
acute Cd toxicity may be at least qualitatively similar to that of
ﬁsh. Craig et al. (1999) found that both elevated environmental
Ca levels and Ca channel blockers reduced the uptake of Cd and
therefore concluded that Cd is accumulated through Ca channels
in C. staegeri larvae. Similarly, Bervoets et al. (1995) investigated
the effect of Ca and salinity on Cd uptake in C. riparius larvae. They
reported a signiﬁcant decrease in Cd uptake when either the salinity or the Ca concentration of the exposure water was increased.
Krantzberg and Stokes (1989) reported that chironomid larvae from
a metal-contaminated lake were more efﬁcient at ‘sequestering’ Ca
than those from a reference lake. They suggested that this could
result in metal resistance in larvae from metal-contaminated lakes.
Although there is evidence of a Ca versus Cd interaction in chironomids, to our knowledge no study has directly compared the uptake
kinetics of these two metals to conﬁrm their interactions. Such an
investigation may explain or reveal how the animals can withstand
such extreme Cd exposure, and yet at the same time accumulate
such high levels of Cd in the body.
The objective of the current study was to use a radio-tracer
approach to assess the uptake kinetics of Ca and Cd independently
and to look at the interactions between the two metals. Our principal hypothesis was that there would be a competitive inhibition
of Ca transport by Cd, as in ﬁsh, and that the inhibition would
occur at very high levels of Cd exposure, comparable to those of
Ca. We further hypothesized that Michaelis–Menten kinetic analysis of concentration-dependence would reveal a Cd uptake system
with a very low afﬁnity (i.e. high KM ) compared to that which has
been shown in many other aquatic animals, perhaps even in the
same range as that of the Ca uptake system. In addition, based
on the large body accumulations of Cd that we and others have
observed in chironomids (Postma et al., 1996; Gillis et al., 2002;
Gillis and Wood, 2008), we also hypothesized that the Cd system
would have a high transport capacity (Jmax ), possibly even greater
than that of the Ca system. To this end, radio-tracers were employed
to determine the unidirectional uptake kinetics of the two metals
separately, using Michaelis–Menten analyses. The kinetic analysis
of Ca uptake was repeated in the presence of a concentration of
Cd which approximated the apparent Cd KM (afﬁnity constant or
concentration providing 50% of the maximal Cd uptake). The unidirectional inﬂux rate of Cd at this concentration was also determined
in exposures at a range of Ca concentrations. The results cast light
on the unusual tolerance of this animal to acute Cd toxicity. It should
be noted that, due to the high levels of Cd (mM) used in these exposures, any resistance mechanism revealed by this study may only
be applicable to acute Cd exposure and not necessarily relevant to
low level (i.e. nM) chronic exposure.

2. Materials and methods
2.1. Chironomid cultures
Culture methods are described in detail in Gillis and Wood
(2008). Brieﬂy, a continuous culture of C. riparius was maintained in
10 L glass aquaria using silica sand as substrate and dechlorinated
Hamilton tap water (Lake Ontario) as the overlying culture water.
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The ionic composition of this water in mmol L−1 was [Na+ ] = 0.6,
[Cl− ] = 0.8, [Ca2+ ] = 1.8, [K+ ] = 0.4, [Mg2+ ] = 0.5, [Cd] < 5.0 × 10−7 .
Water hardness was approximately 140 mg L−1 (as CaCO3 equivalents), and pH 7.8–8.0. The cultures were aerated, and held at
21 ± 2 ◦ C under a 16:8 h light:dark photoperiod regime. New culture tanks were initiated with ﬁrst instar larvae and fed crushed
NutraﬁnTM ﬁsh ﬂakes ad libitum.
2.2. Calcium inﬂux experiment
Exposures were conducted in 250 mL glass beakers and held
under the same conditions (temperature, light, etc.) as the cultures except that no substrate or food was added to any of the
exposures. A calcium-free, reconstituted water was used as a ‘base’
water in the exposures. Composition was as follows: [NaCl] = 0.65,
[K2 SO4 ] = 0.05, [MgSO4 ] = 0.25, [NaHCO3 ] = 1.0 mmol L−1 . Ca was
added to this water using an aqueous stock of reagent grade
Ca(NO3 )2 (Sigma Chemicals). In order to determine the short-term
inﬂux of Ca, chironomid larvae were exposed to a range of Ca concentrations (nominally 100–2500 mol L−1 ) using 45 Ca (as CaCl2 ,
PerkinElmer) as a radio-tracer. A working stock of 52 Ci 45 Ca/mol
Ca was used to create the Ca exposures.
Twenty-four hours prior to use in an exposure, the larvae were
transferred to clean culture water (dechlorinated Hamilton tap
water) in order to purge their gut contents. Upon initiation of the
exposure, ten 3rd–4th instar larvae were added to each treatment
(i.e. Ca concentration). Water samples (10 mL) were taken at the
beginning of the exposure to determine the concentration of dissolved (ﬁltered through an AcrodiskTM 0.45 m in-line-syringe-tip
ﬁlter) Ca and the radioactivity of each treatment (analytical details
described below). Treatments were initiated at 15 min intervals.
Staggered starting times were necessary to maintain constant exposure duration due to the time required to process samples following
exposure. After 5 h of exposure, the larvae were transferred to a
rinse solution of ‘cold’ Ca for ﬁve minutes in order to remove any
loosely bound radioisotope. The concentration of Ca (as Ca(NO3 )2 )
used in the ‘cold displacement’ rinse was 10-fold higher than the
highest Ca exposure concentration (i.e. 25 mmol L−1 ). Following
rinsing, each larva was individually blotted dry on ﬁlter paper and
weighed to the nearest 0.01 mg.
This Ca inﬂux experiment was repeated twice, once as a
separate exposure series and again as part of the Ca/Cd inﬂux
experiment (described below). Six Ca concentrations (treatments)
were used in each run. The actual (i.e. measured) concentrations of Ca in the ﬁrst run were 108, 182, 347, 655, 1289, and
2584 mol L−1 and the actual Ca concentrations in the second run
of this exposure were 96, 171, 319 578, 1164, and 2410 mol L−1 .
The results were not signiﬁcantly different and the two runs were
combined.
2.3. Cadmium inﬂux experiment
Experimental details (gut clearing, exposure vessels, water samples, etc.) were as described above for the Ca inﬂux experiment.
In this exposure the concentration of Cd was varied (nominally 0–1500 mol L−1 ) and the concentration of Ca was set to
290 mol L−1 , selected to approximate the Ca KM value determined
by Michaelis–Menten analysis of the Ca inﬂux experiment (see
description of kinetic analysis below). Seven concentrations of Cd
(i.e. treatments) were produced by adding incremental amounts of
a Cd(NO3 )2 (Reagent grade, Fisher Scientiﬁc) solution which had
been labeled with the radio-tracer 109 Cd (as CdCl2 , PerkinElmer). A
working stock of 51 Ci 109 Cd/mol Cd was used to create the Cd
exposures.
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The actual (i.e. measured) Cd concentrations were 0, 60, 120,
230, 470, 930, and 1420 mol L−1 . Exposure duration and weighing
procedures were as described above, with the exception that Cd
(at 15 mmol L−1 as Cd(NO3 )2 ) was used in place of Ca in the ‘cold
displacement’ rinse.
2.4. Calcium/cadmium inﬂux interactions

2.6. Kinetic analysis

The interaction of Cd on Ca uptake was determined using a twopart concurrent experiment. In the ﬁrst part, the concentration of
Ca in the exposure water was varied as above using incremental
additions of Ca and 45 Ca (actual Ca concentrations 96, 171, 319 578,
1164, and 2410 mol L−1 ). In the second part, a separate set of larvae
were exposed to the same range of Ca concentrations as in the ﬁrst
part but, in addition, they were simultaneously exposed to a constant concentration of Cd as Cd(NO3 )2 (measured 1200 mol L−1 ).
This Cd concentration was chosen to approximate the apparent Cd
KM value determined by Michaelis–Menten analysis of the Cd inﬂux
experiment (see description of kinetic analysis below) which had
been performed at a Ca concentration of 290 M, the true Ca KM
value. Our goal was to ensure that a sufﬁciently high concentration
of Cd was used such that clear inhibition of Ca uptake would be seen
if it were present. The interaction of Ca on Cd uptake was studied
by measuring Cd uptake in the larvae exposed to 1200 mol L−1 Cd
across the range of Ca exposures (96–2410 mol L−1 ).
2.5. Metal analysis
The concentrations of dissolved (ﬁltered <0.45 m) Cd and Ca in
each exposure solution were determined by ﬂame atomic absorption spectrophotometry (FAAS) using a Varian 220FS SpectraAA
(Varian Techtron, Mulgrave, Victoria, Australia). Method blanks (5)
and Fisher Scientiﬁc calibration standards (every 25 samples) were
included in every run. A maximum of 5% difference between duplicates was accepted.
109 Cd radioactivity (as counts per minute (cpm)) in the exposure
solutions and the individual larvae was determined using a gamma
counter (Auto-Gamma 5000 series, Canberra Packard, Canada).
Tests demonstrated that 109 Cd counting efﬁciency (gamma) was
constant for all samples.
In order to determine 45 Ca radioactivity, water samples were
analyzed directly by liquid scintillation counting (Tri-Carb 2900TR,
PerkinElmer), whereas larvae were ﬁrst subjected to acid digestion (described below). Water samples (0.5 mL), or larval digests
(1 mL), were added to 5 mL of an acid-compatible liquid scintillation
cocktail (Ultima Gold; Packard Bioscience, Meriden, CT, USA). Samples were held for 24 h in the dark to eliminate chemilumiscence.
All 45 Ca cpm (beta) were corrected to constant counting efﬁciency
using a quench curve constructed from the materials of interest.
The speciﬁc activity of each exposure solution (either Ca or Cd)
was calculated by dividing the cpm per liter in the dissolved phase
by the measured concentration of dissolved Ca or Cd (mol L−1 ).
The concentration of newly accumulated Ca (in the 45 Ca exposures)
and Cd (in the 109 Cd exposures) was calculated by the following
formula:
(ab−1 ) · c −1

added to each sample (10 L/mg wet tissue) and they were incubated at 60 ◦ C for 6 days. Hydrogen peroxide (30%) was added
(4 L/mg wet tissue) before the samples were held at room temp for
24 h (after Croteau et al., 2002) to complete the digestion. Digested
tissue samples were then brought up to a ﬁnal volume of 1.5 mL
with 1% nitric acid.

(1)

where a is the radioactivity (cpm) of the larval tissue sample, b
is the speciﬁc activity of the exposure solution (cpm/mol Cd or
Ca) and c is the wet weight (g) of the tissue sample. Dividing this
concentration by time (h) yielded inﬂux rates in micromoles per
gram wet weight per hour.
When required for 45 Ca analysis, larvae tissues were digested
in 2.0 mL CryovialsTM . Concentrated metals grade nitric acid was

Non-linear regression analyses of the relationships between Ca
uptake rates and environmental concentrations, and between Cd
uptake rates and environmental concentrations, were performed
with a hyperbolic curve ﬁt (Sigma Plot version 10.0) in order to ﬁt
the Michaelis–Menten equation:
Jin =

Jmax × [X]
([X] + KM )

(2)

where Jin is the unidirectional inﬂux rate, [X] is the concentration of
substrate, Jmax is the maximum transport rate when the system is
saturated, and KM is the concentration of substrate which provides
a Jin of half of the Jmax value.
As the inﬂux of Cd was measured in the presence of Ca (Ca was
Ca at 290 mol L−1 ) it is not appropriate to directly compare
set to KM
the true KM of Ca (obtained in the absence of Cd) with the apparent
KM of Cd (obtained in the presence of Ca). Therefore in order to
account for this presence of Ca at its true KM concentration during
Cd measured in this experiment
the kinetic determination, the KM
was divided by 2 in accordance with classic competitive inhibition
theory.
In order to quantify the inhibitory effect of Cd exposure on Ca
uptake and vice versa, the Ki , or the dissociation constant for the
inhibition, was calculated for each. Firstly, to quantify the inhibition
of Cd on Ca uptake the following formulae were applied:
KM apparent = KM ×

 1 + [Inhibitor] 
Ki

(3)

where [Inhibitor] is the concentration of Cd added to the Ca exposures (1200 mol L−1 ). Since the KM for Ca was determined in the
Ca
Ca ; see above and
presence (KM
) and absence of Cd (true KM
apparent
Fig. 3), Eq. (3) can be rearranged as:
KiCd =

[Inhibitor]
Ca
Ca ) − 1.0)]
[(KM
/KM
apparent

(4)

Secondly, to quantify the inhibition of Ca on Cd uptake the following
formula (after Cheng and Prusoff, 1973) was used:
KiCa =

IC50
Cd )
(1 + [Substrate]/KM

(5)

where IC50 is the concentration of the inhibitor (Ca) where Cd
uptake is inhibited by 50% (see Fig. 4).
The observed rate of Cd inﬂux across a range of Ca concentrations (96–2410 mol L−1 ) was compared to the predicted rate of Cd
Cd ) across that range based on Michaelis–Menten theory of
inﬂux (Jin
simple competitive inhibition. Eq. (3) was employed to determine
Cd and then using that calculated K Cd and Eq. (2), a
a predicted KM
M
predicted Jin or Cd inﬂux rate was determined. The predicted values are presented as a line in Fig. 4 along with the observed inﬂux
values.
2.7. Statistical analysis
Inﬂux rates are reported as means (n = 10) and are given with
standard errors (SE). Signiﬁcant differences (p < 0.05) in inﬂux
rates (Jin ) between Ca or Cd exposure concentrations were determined using ANOVA followed by Tukey’s multiple comparisons
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test. Michaelis–Menten constants are reported with standard errors
(SE). Student’s t-tests were used to compare the Michaelis–Menten
constants (KM and Jmax ) between two treatments. SPSS version 13.0
and the ‘Regression Wizard’ function of Sigma Plot version 10.0
were used for statistical analyses.
3. Results
3.1. Kinetics of calcium inﬂux
C. riparius larvae exposed to a range of Ca concentrations (in
the absence of Cd) exhibited typical Michaelis–Menten saturation
Ca ). J Ca increased with the concentration
kinetics for Ca inﬂux rate (Jin
in
Ca ) of
of Ca in the exposure water until it reached a maximum (Jmax
Ca , or the Ca con0.388 (SE 0.056) mol Ca g−1 h−1 (Fig. 1). The KM
centration at which the inﬂux reached half saturation, was 289 (SE
135) mol Ca L−1 .
3.2. Kinetics of cadmium inﬂux
C. riparius larvae exposed to a range of Cd concentrations (while
the Ca concentration was set to 290 mol L−1 to approximate the
Ca KM ), also exhibited a saturation relationship for Cd inﬂux rate
Cd ) (Fig. 2). However, the J Cd did not begin to level off until the
(Jin
in
exposure approached 1000 mol L−1 Cd. Michaelis–Menten kinetic
Cd = 2.26 (SE
analysis revealed that maximum rate of Cd inﬂux (Jmax
0.92) mol Cd g−1 h−1 ) was 5.8 times that of Ca, and that the apparent afﬁnity for Cd accumulation was 1133 mol Cd L−1 . However,
assuming that Ca is a competitive inhibitor, since the kinetic curve
Ca (289 mol L−1 ), this value can be divided
was run at the true KM
Cd = 567 (SE 418) mol Cd L−1 . The afﬁnby 2 to yield the true KM
ity of the transport system for Cd therefore appears to be about
2-fold lower (i.e. 2-fold higher KM ) than for Ca. However, only the
difference in Jmax values was signiﬁcant, reﬂecting variability in the
responses.
3.3. The inﬂuence of cadmium on the kinetics of calcium inﬂux
The presence of 1200 mol Cd L−1 resulted in a signiﬁcant
depression in the kinetics of Ca inﬂux (Fig. 3). For example, a
Ca (0.015 mol g−1 h−1 vs. 0.15 mol g−1 h−1 )
90% reduction in Jin

Fig. 1. Short-term calcium inﬂux (mol Ca g−1 wet weight h−1 ) in C. riparius larvae
(3rd–4th instar) exposed to a range of Ca (96–2584 mol L−1 ) concentrations for 5 h
using 45 Ca as a radio-tracer. Error bars represent standard errors (n = 10 replicates
per treatment).

Fig. 2. Short-term cadmium inﬂux (mol Cd g−1 wet weight h−1 ) in C. riparius larvae (3rd–4th instar) exposed to a range of Cd (0–1420 mol L−1 ) concentrations for
5 h using 109 Cd as a radio-tracer. Calcium concentration in the exposure water was
290 mol L−1 in all treatments. Error bars represent standard errors (n = 10 replicates
per treatment).

was observed at the 96 mol Ca L−1 exposure concentration. The
inhibitory effect of Cd on Ca inﬂux remained nearly constant
(80–90% reduction) in all Ca exposures of under 1000 mol L−1 .
The rate of Ca inﬂux recovered to half of the control rate
(0.18 mol g−1 h−1 vs. 0.38 mol g−1 h−1 ) in the 2410 mol Ca L−1
exposure, the highest concentration of Ca used (Fig. 3).
Michaelis–Menten kinetic analysis of Ca inﬂux in these data
Ca of 0.389 mol (SE 0.027) g−1 h−1 in the consets revealed a Jmax
Ca
trol larvae (i.e. those not exposed to Cd) and a similar Jmax
of
−1
−1
0.560 (SE 0.095) mol g h in the larvae which were exposed
Ca
to 1200 mol Cd L−1 . These Jmax
values were not signiﬁcantly
different. However, there was a large (30-fold) and signiﬁcant difCa =
ference in Ca afﬁnity between the control chironomids (true KM
163 (SE 44) mol Ca L−1 ) and those exposed to 1200 mol Cd L−1
Ca
(KM
= 4957 (SE 1148) mol Ca L−1 ). This pattern is indicaapparent
Ca was
tive of simple competitive inhibition, but the change in KM
Cd
greater than anticipated. If the Ki were actually the same as the

Fig. 3. Short-term calcium inﬂux (mol Ca g−1 wet weight h−1 ) in a two-part parallel experiment with C. riparius larvae (3rd–4th instar) using 45 Ca as a radio-tracer.
Solid black circles represent Ca inﬂux in larvae that were exposed (5 h) to only Ca
(96–2410 mol L−1 ). Grey triangles represent Ca inﬂux in larvae that were simultaneously to Ca and Cd (1200 mol Cd L−1 ). Error bars represent standard errors (n = 10
replicates per treatment).
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Fig. 4. Short-term cadmium inﬂux (mol Cd g−1 wet weight h−1 ) in C. riparius larvae
(3rd–4th instar) exposed to 1200 mol Cd L−1 across a range of Ca concentrations
(96–2410 mol L−1 ). Error bars represent standard errors (n = 10 replicates per treatment). Data points labeled with the same letter are not signiﬁcantly different from
each other (Tukey’s multiple range test). The solid line represents the predicted rate
of Cd inﬂux assuming simple competitive inhibition (see text for details).

Cd as expected in a simple competitive system, then from
true KM
Ca
Eq. (4), we can calculate that the KM
should have been
apparent

about 515 mol Ca L−1 rather than 4957 mol Ca L−1 – i.e a 3-fold
rather than 30-fold increase. Conversely, application of Eq. (3) using
Ca
KM
= 4957 mol Ca L−1 yields a KiCd value of 41 mol Cd L−1 .
apparent
This is unexpectedly low (>10-fold difference) relative to the true
Cd = 567 mol Cd L−1 calculated from Fig. 2 (see Section 4).
KM
3.4. The inﬂuence of calcium on cadmium inﬂux

The interaction of Ca on Cd uptake was studied by measuring Cd uptake in the larvae exposed to 1200 mol Cd L−1 across
Cd tended
a range of Ca exposures (96–2410 mol L−1 ). Overall, Jin
to fall as external Ca concentration increased (r = 0.43, P < 0.02).
Cd changed only slightly across Ca concentrations
Although Jin
from 96 to 1164 mol L−1 , at the highest exposure concentration
(2410 mol Ca L−1 ) there was a signiﬁcant 50% decrease (compared
to lowest concentration) in Cd inﬂux. Applying Eq. (5), KiCa is calculated to be 770 mol Ca L−1 . This value may be compared to the
Ca = 289 mol Ca L−1 calculated from the data of Fig. 1, a
true KM
difference of less than 3-fold.
Ca and K Ca should be the
In a simple competitive system, true KM
i
Ca for K Ca in Eq.
same. It was therefore of interest to substitute the KM
i
Ca
−1
(3) (i.e. to use 289 mol Ca L as Ki ) while using 567 mol Cd L−1
Cd This then yielded a K Cd
as the true KM
at each Ca con.
M apparent
centration, and in turn, application of this value in the standard
Cd at
Michaelis–Menten equation (Eq. (2)) yielded an estimate of Jin
each Ca concentration. This is the basis of the line inserted in Fig. 4,
which ﬁts the observed data very well. We therefore conclude that
Ca values is of negligible conthe small discrepancy in KiCa versus KM
sequence.

4. Discussion
4.1. Calcium and cadmium uptake kinetics
Ca inﬂux experiments demonstrated that C. riparius larvae obey
classic Michaelis–Menten saturation kinetics, with constants not
greatly dissimilar from those in ﬁsh (Fig. 1). A comparison of

interest is with two ﬁsh species acclimated to the same water
as used in the present study (Niyogi and Wood, 2004). The maxCa
of C. riparius (0.39 mol g−1 h−1 )
imum Ca uptake rate, or Jmax
was only moderately higher than the range (0.1–0.2 mol g−1 h−1 )
recorded in the two ﬁsh, rainbow trout (Onchorhynchus mykiss) and
yellow perch (Perca ﬂavescens). Although acclimation conditions
were somewhat different (softer water), the larval Oreochromis
mossambicus of Chang et al. (1997, 1998) provide a more closely
size-matched comparison (4–10 mg) to the chironomids (3–6 mg)
Ca
of the present study. These workers reported very similar Jmax
values of approximately 0.3 mol g−1 h−1 in these tilapia larvae.
Ca , which indicates the afﬁnity of the transport
Interestingly, the KM
system for Ca (afﬁnity = 1/KM ) for C. riparius (289 mol L−1 ) was
almost identical to the value in the rainbow trout (244 mol L−1 ),
but somewhat higher than that in the yellow perch (92 mol L−1 )
Ca values
reported in the Niyogi and Wood (2004) study. Lower KM
around 20 mol L−1 were recorded in the larval tilapia, perhaps
reﬂecting their acclimation to low Ca water (Chang et al., 1997,
1998).
However a major difference from ﬁsh, and indeed from
many other aquatic animals, was seen in the dynamics of Cd
uptake (Fig. 2). Again, Michaelis–Menten saturation kinetics were
Cd =
observed, but C. riparius’s maximum capacity for Cd uptake (Jmax
−1
−1
2.3 mol g h ) was nearly six times higher than its capacity for
Ca = 0.39 mol g−1 h−1 ). By way of comparison, the
Ca uptake (Jmax
Cd
Jmax values in the two ﬁsh species studied by Niyogi and Wood
(2004) were only 0.2–0.4 nmol g−1 h−1 , while in two aquatic insects
Siphonuris sp. and Drunella ﬂavilinea, comparable values were 0.002
and 0.5 nmol g−1 h−1 , respectively (Buchwalter and Luoma, 2005).
In all cases, note that these rates are in nanomolar rather than
micromolar units, indicating a 3–4 order of magnitude higher Cd
uptake capacity for C. riparius.
Cd values were also pronounced. The afﬁnity of
Differences in KM
the transport system for Cd was approximately two times lower (i.e.
2-fold higher KM = 567 mol L−1 ) than for Ca (KM = 289 mol L−1 ),
although the difference was not signiﬁcant – i.e. the two values
were in a similar range. In contrast, in the rainbow trout and yelCd values were in the
low perch of Niyogi and Wood (2004), the KM
−1
30–200 nmol L range, whereas in the two mayﬂies of Buchwalter
Cd values were in the 10–25 nmol L−1 range.
and Luoma (2005), the KM
Again, the difference versus other aquatic organisms is 3–4 orders of
magnitude (nanomolar vs. micromolar), but in the opposite direction – i.e. much lower afﬁnities (higher KM ’s) for Cd transport in
the chironomids, in a similar range to their afﬁnities for Ca uptake.
It should be noted that the Buchwalter and Luoma (2005) mayﬂy
study employed much lower concentrations of waterborne Cd
(0–50 nmol range) and thus their corresponding Michaelis–Menten
Cd ) may describe a different population of high afﬁnkinetic (e.g. KM
ity uptake sites more relevant to chronic exposures. In summary, C.
riparius exhibits ‘normal’ Ca uptake kinetics, but unique Cd uptake
kinetics, in which the afﬁnity is unusually low, comparable to that
for Ca, whereas the maximum transport capacity is very high, even
greater than that for Ca. These ﬁndings conﬁrm two of our original
hypotheses (see Section 1).
This large capacity for Cd uptake is consistent with the
very high levels of Cd that chironomids can accumulate. C.
riparius larvae exposed to Cd in laboratory tests have accumulated 20–30 mol Cd g−1 (Postma et al., 1996; Gillis et al., 2002)
and reports of tissue Cd burdens in ﬁeld-collected chironomid
larvae from metal-contaminated sediments range from 0.5 to
2.6 mol Cd g−1 (Krantzberg and Stokes, 1989; Saki et al., 1995;
Bervoets et al., 1998; Gillis et al., 2006). Also, when exposed to
extreme (865 mg L−1 or 8000 mol L−1 ) waterborne Cd, C. riparius larvae have been shown to accumulate massive amounts of Cd
(50–60 mol g−1 ) (Gillis and Wood, 2008). In comparison, back-
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ground whole-body Ca concentrations in C. riparius larvae are in
the range of 10–15 mol g−1 (Gillis and Wood, 2008). The fact that
this organism has nearly a 6-fold higher capacity for Cd uptake than
it does for Ca would help account for its ability to accumulate Cd
tissue burdens that are more than ﬁve times the concentration of
internal Ca. [Note: In order to allow comparison with the current
study, any Cd tissue concentrations reported in the literature on
per dry weight basis (mol Cd g−1 of dry tissue) were converted to
a per wet weight basis (mol Cd g−1 of wet tissue) based on the
assumption that C. riparius larvae have approximately 90% water
content (Gillis et al., 2002).]
4.2. Effects of cadmium on calcium uptake
Michaelis–Menten analysis clearly demonstrated that Cd inhibited unidirectional Ca uptake in a classical competitive fashion, with
Ca but increased K Ca (Fig. 3). This ﬁnding conﬁrms our
unchanged Jmax
M
principal original hypotheses, speciﬁcally that high waterborne Cd
is a competitive inhibitor of Ca transport in C. riparius, and is in
qualitative accord with an abundant literature based mainly on ﬁsh
studies (see Section 1). It also explains our recent observations that
high Cd exposure selectively reduces whole body Ca concentrations
while having negligible effects on whole body Na concentrations
in C. riparius (Gillis and Wood, 2008). In two other arthropods,
Rainbow and Black (2005) reported that a much lower level of Cd
exposure (455 nmol L−1 ) inhibited Ca uptake in two crabs (Carcinus
maenas and Eriochier sinensis).
A high concentration of waterborne Cd (1200 mol L−1 ) was
used in these tests. This was well below the LC50, causing no
detectable mortality in 48 h toxicity tests (Gillis and Wood, 2008).
This Cd concentration was speciﬁcally chosen to approximate the
apparent Cd KM value determined by Michaelis–Menten analysis of
the Cd inﬂux experiment which had been performed at a Ca concentration of 290 M, the true Ca KM value. Our goal was to ensure
that a sufﬁciently high concentration of Cd was used such that clear
inhibition of Ca uptake would be seen if it were present. In this
respect the experiment succeeded. However, as demonstrated in
Ca was much greater than the 3-fold
the Results, the 30-fold shift in KM
shift expected in a simple competitive system, and the calculated
KiCd value was unexpectedly low. We attribute these discrepancies
to the difﬁculty of curve-ﬁtting to a relationship where inhibition
is so intense such that the kinetic curve tends to ﬂatten out. In
hindsight, tests at lower Cd concentrations would have been useful.
The reduction in Ca inﬂux caused by 1200 mol Cd L−1 ranged
from 50 to 90% depending upon the concentration of Ca in the exposure water. Thus the % inhibitory effect of Cd on Ca inﬂux in C. riparus
larvae is related to the ambient concentration of Ca, as expected
for competitive inhibition. At the much lower levels of waterborne
Cd normally present in even highly contaminated environments
(generally no more than 15 g L−1 , i.e. nanomolar range (Mebane,
2006)), it is likely that inhibition of Ca uptake would be negligible, and toxicity thereby avoided. This is another beneﬁt of the low
afﬁnity transport system.
4.3. Effects of calcium on cadmium uptake
Ca inhibited unidirectional Cd uptake, providing additional support for a common transport system (Fig. 4). In these tests, a range
of environmentally relevant Ca concentrations (96–2410 mol L−1 )
Ca concentration (289 mol L−1 )
from below to well above the KM
were tested against a Cd concentration (1200 mol L−1 ). Once the
Ca concentration was increased to 2410 mol L−1 , a 50% inhibition
of Cd uptake was observed. As a full kinetic analysis was not performed, these data in themselves cannot distinguish whether the
inhibition was competitive or non-competitive, but they do conﬁrm
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the reciprocal nature of the Cd versus Ca interaction. Furthermore,
it was encouraging that when the assumption of simple competitive inhibition was made, there was less than a 3-fold difference
between the KiCa of 770 mol Ca L−1 calculated from the IC50 by
Ca of 289 mol Ca L−1 measured in Fig. 1. FurEq. (5) and the true KM
thermore, the relationship of Fig. 4 could be well-predicted by the
use of this value as the KiCa in Eq. (3), again suggestive of simple
competitive inhibition.
Notably, these data also illustrate an important adaptive characteristic of the dual transport system – although environmentally
relevant concentrations of Cd will have negligible effect on Ca
uptake (see above), environmentally relevant concentrations of Ca
can alter Cd uptake. This explains the protective effect of water
hardness against both Cd uptake and acute toxicity in C. riparius
demonstrated by Gillis and Wood (2008). These ﬁndings are also in
agreement with Craig et al. (1999) who showed that speciﬁc antagonists of calcium channels greatly inhibited the uptake of Cd by C.
staegeri larvae at much lower, environmentally relevant Cd levels
(50 nmol L−1 ). Furthermore, Cd accumulation was reduced by 70%
when Ca in the exposures was raised from 100 to 2000 mol L−1 .
In a recent study with insect larvae (mayﬂy, stoneﬂy, and caddisﬂy), Buchwalter and Luoma (2005) similarly reported a signiﬁcant
reduction in both Cd and Zn uptake when the concentration of Ca
in the exposures was increased. In another group of arthropods, the
crustaceans, there have been a number of reports of similar Ca versus Cd interactions, including Wright (1977) who demonstrated a
decrease in haemolymph Cd in the crab C. maenas when the external
concentration of Ca was increased.

4.4. Implications for cadmium resistance
In our previous study (Gillis and Wood, 2008), we found that
the level of Cd required to elicit a negative response on wholebody Ca was exceptionally high, since in all but the most extreme
Cd exposures, C. riparius larvae could maintain their baseline level
of internal Ca. In fact, the disruption of Ca regulation could be correlated to the onset of toxicity as larvae exposed to Cd at or above
the LC50 had roughly one quarter the whole-body Ca content of
the unexposed larvae (Gillis and Wood, 2008). The results of the
current study elucidate why C. riparius larvae are able to withstand
extreme Cd exposures without succumbing to hypocalcaemia. The
most notable feature of the Michaelis–Menten kinetic analyses was
that the afﬁnity of the Ca uptake system for Cd was much lower
than what has been shown in other aquatic organisms (Verbost et
al., 1987, 1989; Chang et al., 1997, 1998; Niyogi and Wood, 2004;
Niyogi et al., 2004). Typically, organisms that are acutely sensitive
to Cd will have a higher afﬁnity for Cd than for Ca and will accumulate Cd at the expense of Ca. In contrast, the Cd-tolerant C. riparius
larvae are able to maintain their internal Ca concentrations while
exposed to Cd concentrations several orders of magnitude higher
than the LC50s of other more Cd sensitive organisms. However it
has been shown that some insects that are chronically sensitive to
metals, including Cd, can have low dissolved uptake rates and that
differences in efﬂux kinetics can help explain bioaccumulation and
sensitivity differences Rates of Cd uptake measured on a short-term
basis may not necessarily be predictive of long-term bioaccumulation patterns in insects for two major reasons. Firstly, insects differ
tremendously in their abilities to eliminate metals. Secondly, diet
may be a more important route of Cd exposure than the dissolved
phase in some circumstances (Buchwalter et al., 2007; Martin et al.,
2007).
We have demonstrated (this study and Gillis and Wood, 2008)
that when late instar chironomid larvae are exposed to extreme Cd
concentrations (hundreds of milligrams per liter) that the mech-
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anism of toxicity is hypocalcaemia, but as indicated above, levels
such as those used in this study are unlikely to occur in even the
most polluted sites. Therefore we would suggest that in the natural
environment where levels of Cd rarely reach over a few micrograms
per liter, chironomid larvae would be more likely to be chronically
exposed to Cd and would not experience acute Cd toxicity in the
same manner as Cd-sensitive ﬁsh such as trout would.
Chironomids are often one of the dominant organisms in signiﬁcantly polluted areas (Wentsel et al., 1977; Winner et al., 1980).
In fact, the number of Chironomidae genera has been shown to
increase as metal contamination increases (Canﬁeld et al., 1994).
Chironomids are thought to employ a number of techniques in
order to withstand metal exposure. Studies by Krantzberg and
Stokes (1989) and Timmermans and Walker (1989) indicate that
chironomids do not regulate metal uptake. Furthermore, Postma
et al. (1996) suggest that they employ other techniques such as
excretion to deal with accumulated metal. Chironomids are also
known to induce metallothioneins to detoxify metals (Yamarura
et al., 1983; Seidman et al., 1986a; Gillis et al., 2002) and to produce metal-rich granules to store accumulated metals (Seidman et
al., 1986a, 1986b). Based on this and other studies, there appear to
be a number of factors that allow C. riparius larvae to tolerate Cd
exposure much better than other aquatic organisms. Firstly, the low
afﬁnity for Cd allows C. riparius larvae to maintain internal Ca levels
even while being exposed to Cd. Secondly, the induction of metallothionein enables the larvae to detoxify the accumulated Cd and
prevent, or at least reduce any damaging non-speciﬁc binding of
Cd to other proteins and enzymes. There may also be a component
of Cd excretion involved in the tolerance as Postma et al. (1996)
reported that Cd-adapted populations of C. riparius have increased
Cd excretion efﬁciency. Therefore the ability of chironomid larvae to
survive in metal-contaminated environments likely depends upon
a number of physiological adaptations, one of which is the unique
setting of the Ca versus Cd afﬁnity relationship demonstrated
here.
The sensitivity of aquatic insects to metals varies by hundreds of
orders of magnitude depending upon insect species, its life stage,
and the metal. Considering the ecological importance of aquatic
insects there has been very limited study to elucidate the reasons for this high variability in their sensitivity to metals (Cain
et al., 2006). Buchwalter and Luoma (2005) reported huge variation in metal (Cd and Zn) uptake rates between various taxa of
insect larvae. They found that metal uptake depended upon the
number of chloride cells on the gills of the larvae, not on gross morphological features such as gill surface area or larvae size. Cain et
al. (2006) reported that the physiological mechanisms that determine metal bioaccumulation and toxicity are not known for most
aquatic insects and therefore the mechanisms for ecological change
in insect species assemblages are not well understood. In this study
we have investigated one of the physiological mechanisms involved
in acute Cd toxicity and tolerance in C. riparius. We would suggest
that in order to fully understand why some species of insects are
able to survive in contaminated environments and others cannot,
that there is need to investigate mechanisms of tolerance in other
resistant species as well the mechanisms that drive the sensitivity
of intolerant ones. In this study we have investigated whole-body
Cd and Ca uptake kinetics and thus have treated the chironomid larvae somewhat like a ‘black box’. Therefore we suggest that there is
also a need to investigate these physiological processes on a much
ﬁner scale. Craig et al. (1999) presented convincing evidence that
a small segment of the chironomid’s midgut was the main site of
Cd accumulation, but it was not clear whether this was also the
main site of initial uptake. There is a need to examine other possible routes of Cd uptake and elimination (e.g. other parts of the gut,
Malpighian tubules, anal papillae etc.) in order to fully understand

the complex mechanisms that enable this animal to tolerate such
extreme metal exposure.
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