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ABSTRACT: The biocavailability of dissolved zinc to the common mussel Mytilus edulis was studied in
chemically defined seawater containing 5 different organic ligands. Zinc uptake shows saturable kinet-
ics, indicating that it is a facilitated process. The uptake of zinc from solution is nearly linear overa 24 h
period for mussel tissues exposed to a 5 ymol 1! concentration. In most cases, metal complexation
decreases zinc uptake by reducing the activity of the free metal ion. Zinc uptake rates are similar for
4 of the 5 ligands studied when the free zinc ion activity is kept constant. Complexation of zinc with his-
tidine facilitates the uptake of zinc. Whether the mechanism of {facilitation involves the direct uptake of
zinc-histidine complexes across the membrane cannot be deduced from the present study. For the same
free zinc ion activity, the availability of zinc is higher in the digestive system than in the gills. The
observed differences can be caused by changes in the chemical speciation of the metals in the layers
lining the exchange surfaces where conditions may deviate considerably from seawater.
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INTRODUCTION

In seawater dissolved trace metals occur in very low
concentrations, ranging from 0.01 to 100 nmol 1!
(Ahrland 1985). Nonetheless they are accumulated by
marine invertebrates to tissue concentrations much
above the concentrations in the surrounding seawater.
The extent of metal accumulation strongly depends on
environmental conditions (Furness & Rainbow 1990).

Certain metals such as iron, copper and zinc are
essential to living organisms due to their role in meta-
bolic processes. Zinc, for instance, serves as a cofactor
for enzymes such as alcohol dehydrogenase, carbonic
anhydrase and carboxypeptidase (Frausto Da Silva &
Williams 1991). All metals, essential or not, are toxic
above certain threshold concentrations. The balance
between the requirement and the toxicity of metals is
delicate and depends on a variety of abiotic and biotic
factors (White & Rainbow 1985).

In marine environments metals occur as a variety of
complexes with inorganic and organic ligands (Turner
et al. 1981, Motekaitis & Martell 1987, Bruland 1989).
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Turner et al. (1981) modelled the inorganic speciation
of trace metals in seawater and showed that about half
of the total zinc concentration exists as the free zinc
ion, with the remaining zinc distributed among a series
of inorganic species. Bruland (1989} demonstrated the
existence of organic ligands in low nanomolar concen-
trations which form zinc complexes that strongly
decrease the concentration of the free zinc ion.

The major factor controlling the uptake of metals by
marine organisms is the bioavailability of the metal
The biologically available fraction of a metal is that
part of the total concentration in a form that can be
taken up by an organism (Turner 1984). The bioavail-
ability of metals to aquatic organisms strongly depends
on the chemical speciation and it is generally accepted
that the free metal ion is the most biologically available
species (Zamuda & Sunda 1982, Blust et al. 1992, Rain-
bow et al. 1993).

A widely accepted mechanism for metal uptake is
the binding of the free metal ion to a membrane
embedded channel type protein which mediates the
transport of the metal ion across the membrane. The
selectivity of these transporters depends on the size
and charge of the channel, which could impede the
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transport of certain metal species (Simkiss & Taylor
1989).

Mussels are widely used in marine pollution moni-
toring programs, because they (1) are geographically
widely distributed, (2) have a sedentary lifestyle, (3)
are filter feeders that pump large volumes of water and
(4) accumulate pollutants, such as heavy metals, in
their tissues (Phillips 1980, Widdows 1985, Farrington
et al. 1987).

In the present work the effect of complexation by dif-
ferent water soluble ligands on the uptake of zinc by
the common mussel Mytilus edulis has been studied in
chemically defined seawater. The speciation of zinc
was controlled by varying the concentration of 5 or-
ganic ligands. The ligands studied were citrate, gly-
cine, histidine, NTA (nitrilotriacetic acid) and EDTA
(ethylenedinitrilo-tetraacetic acid). These ligands were
selected on the basis of differences in the thermody-
namic stability and charge of the formed zinc com-
plexes which are representative of the wide variety of
ligands in natural waters. Zinc uptake was studied in
solutions of differing complexation capacity to reveal
the role of the free metal ion and other species in deter-
mining the uptake of zinc in relation to the type and
concentrations of the ligand present in the solution.

MATERIALS AND METHODS

Mytilus edulis. Mussels of approximately 6 to 8 cm in
length were collected at low water sites at Westkapelle
(The Netherlands) and were kept in a seawater aquar-
lum containing 350 litres of synthetic seawater at a
salinity of 35%. (pH 8.0, temperature: 15 = 1°C). The
aquarium water was filtered over a trickling filter and
tested weekly for NH,* (<0.25 mg I'}), NO,™ (<0.1 mg
1"l and NOy ™ (<10 mg 1"') (Hawkins 1981). The mussels
were fed with a mixture of dried Spirulina platensis and
Saccharomyces cerevisiae every 2 d (8 mg dry weight
per animal). Under these conditions the animals could
be maintained for several months. Zinc uptake rates for
the mussels did not change during this period.

Experimental procedures. Experiments were per-
formed in static exposure systems containing 0.5 I
chemically defined seawater (Table 1). Zinc uptake by
individual mussels was measured over a 24 h period.
Chemically defined seawater was obtained by dissolv-
ing the 7 analytical grade reagents (Merck, Darmstadt,
Germany) in deionised water. A dispersion of 1 x
107* mol I'! manganese dioxide was added to the sea-
water to remove the metal impurities present in the an-
alytical grade reagents. After an equilibration period of
24 h, the dispersion was filtered through a 0.2 pm mem-
brane filter to remove the manganese dioxide from the
solution (Van den Berg & Kramer 1979).

Table 1 Composition of 11 chemically defined seawater of

salinity 35%.. The medium was prepared by dissolving the 7

analytical grade products in deionised water

Element Amount (g)

NaCl 23.50

Na,SO, 4.00

KCl 0.68

NaHCO 0.196

CaCl,.2H,0 1.47

MgCl,.6H,O 10.78

H,BO; 0.026

Although mussels were exposed to chemically
defined seawater, the complexation properties of the
seawater changed during the experimental period.
This is due to the fact that the mussels excrete organic
compounds (e.g. amino acids) in the water, which
increases the complexation capacity of the water. At
very low zinc concentrations (e.g. 0.01 to 0.1 umol 17!}
this causes a significant change in the chemical speci-
ation and bioloygicdl availability of the metal. To min-
imise this effect, the mussels were exposed to a higher
zinc concentration (5 umol 1Y) so that only a small frac-
tion of the zinc was complexed by the organics which
accumulated in the water during the experiment.

Seawater zinc concentrations reported in literature
typically range from 1.5 to 150 nmol 1I"!, but much
higher concentrations may be reached in highly pol-
luted areas (Brewer 1975, Martin & Whitfield 1981,
Langston 1990). Exposing mussels to elevated zinc
concentrations may cause toxic effects. Toxicity varies
strongly with exposure conditions and the develop-
mental stage of the organisms. For adult mussels 96 h
LCs, values of 38 pmol 1'' (Ahsanullah 1976) and
119 pmol 1”7 (Abel 1976) have been reported. Exposure
to zinc also has acute effects at much lower concentra-
tions. Filtration rates decrease when mussels are ex-
posed to concentrations of 7.65 pmol 1! or higher (Abel
1976). Pumping rates decrease when mussels are ex-
posed to concentrations of 4.74 umol I'! or higher
(Redpath & Davenport 1988). Hence, exposing mussels
to 5 umol 17! zinc could result in responses which may
affect metal uptake rates. To test the effect of 5 pmol 1!
zinc on the mussels, filtration rates of control and zinc
exposed mussels were measured over a period of 24 h
using the procedure described by Abel {1976). The re-
sults showed that filtration rates did not decrease sig-
nificantly in the zinc exposed mussels. This, together
with the fact that zinc uptake remained linear over the
24 h exposure period, indicates that exposing the mus-
sels to 5 pmol 1'! of zinc does not affect uptake rates.

Before each experiment, the mussels were scrubbed
to remove epibionts attached to the shells. The expo-
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sure medium was spiked with 296 kBq 1™ ' "zinc (Amer-
sham Bucks, UK) 24 h prior to the start of the experi-
ment. The 1 ml *zinc stock solution contained 37 MBq
for 1.530 mqg zinc. Diluted stock solutions of "'zinc were
prepared in 1 mmol I"! HCI. The mussels were exposed
to this medium for 24 h at 15 + 1°C. pH was checked
before and after the experiment and varied less than
0.1 unit.

After exposure, each mussel was transferred for
20 min to 0.5 1 chemically defined seawater to replace
the radioactive water contained in the mantle cavity.
This seawater contained 5 pmol 1'! ZnCl, and 1 mmol
1! of the ligand 8-hydroxyquinoline-5-sulfonic acid but
no radioactive tracer This ligand was added to remove
metal bound to the body surfaces. The whole mussel
was placed in a preweighed 18 ml Maxi Vial (Canberra
Packard, Meriden, USA) and counted in a Packard
Minaxi Auto-Gamma counter (Model 5530) for 1 min to
determine "zinc activity.

Using a file with a triangular cross section, an inser-
tion was made in the shell at the height of the posterior
adductor muscle. The shell valves were slightly pried
open with an oyster knife, allowing water to drain off
the mantle cavity. Approximately 0.5 ml hemolymph
was obtained by directly puncturing the sinus of the
posterior adductor muscle using a syringe (0.45 x
12 mm, Terumo Europe, Leuven, Belgium) (Zurburg &
Kluytmans 1980). The shell valves were opened by cut-
ting the posterior adductor muscle. The mussels were
dissected for gills and digestive system. The shells
were removed and placed in a preweighed Maxi Vial.
Hemolymph and the different soft parts were each
placed in a 6 ml preweighed Pony Scintillation Vial
(Canberra Packard). Fresh weight of the samples was
determined and 1 ml of tissue solubiliser (Soluene-350,
Canberra Packard) was added to hemolymph, gill and
digestive system to obtain a homogeneous sample and
improve energy detection in the gamma counter The
hemolymph samples were weighed and the total
amount of hemolymph was calculated based on the
data of Martin et al. (1958) The vials were shaken for
24 h to promote solubilisation of the tissues. After solu-
bilisation the samples were placed in the gamma
counter for 10 min to determine ®*zinc activity.

Chemical speciation model. To calculate the con-
centrations and activities of the metal species, a chem-
ical speciation model was constructed. The model cal-
culates the equilibrium speciation from a compilation
of the interactions among the components present in
the solution (salinity 35%.,, pH 8.00, temperature:
15°C). Stability constants used in the calculations are
based on the data of Dickson & Whitfield (1981} for the
major components, and on the data of Smith & Martell
(1976, 1989) and Martell & Smith (1974, 1977, 1982) for
the zinc species. For each species the stability con-

stants at different ionic strengths were fitted to an
interpolation function that has the form of an extended
Debye-Hiuckel equation (Turner et al. 1981). These fit-
ted equations were used in the computer program
Solution (R. Blust & L. Van Ginneken unpubl), an
adaptation of the program Complex (Ginzburg 1976).
Enthalples to describe the effect of temperature on the
equilibrium position of the reactions were taken from
Byrne et al. (1988) and Smith & Martell (1989).

Results of the chemical speciation calculations were
expressed on the molar concentration scale and multi-
plied by the appropriate activity coefficients to obtain
species activities. The activity coefficients were based
on the data of Millero (1982) for the free zinc ion, and
on the data of Sposito & Traina (1987) for the other zinc
species. The thermodynamic stability constants and
the stability constants at the ionic strength of seawater
are given in Table 2.

Determination of zinc uptake rates. Measurements
of %zinc activity were used to calculate zinc uptake
rates. Radioactive zinc was measured in a preset
energy window (165 to 1300 keV). Stock solutions

Table 2. Thermodynamic and conditional stability constants
for the zinc species considered 1n the chemical speciation
model. K: thermodynamic stability constants; Q: conditional
stability constants (salinity 35%.; pH 8.00; temperature 15°C})

Species LogK LogQ
Zn* - -

ZnOH' 4.99 4.58
Zn(OH),Y 10.20 9.00
Zn(OH); 13.90 13.06
Zn(OH),* 15.50 15.49
ZnCl* 0.53 -0.17
ZnCL" 0.69 -0.19
ZnCly 0.70 -0.29
ZnCl*~ 0.32 -0.37
ZnSO," 2.32 0.94
Zn(S0,).* 3.26 1.66
Zn(SO,) 2.03 1.84
ZnCO," 5.10 3.83
ZnHCO;" 11.03 9.72
ZnCIT 6.07 5.09
ZnHCIT? 10.00 8.12
Zn(CIT).* 7.22 6.51
ZnGLY" 5.38 4.85
Zn(GLY), 9.81 9.02
Zn(GLY), 12.30 11.48
Znllis 6.88 £.38
ZnlHis** 11.60 11.60
Zn(His),’ 12.67 11.88
ZnNTA 12.04 10.12
Zn(NTA)," 15.02 13.95
ZnEDTA® 17.94 16.37
ZnHEDTA- 20.09 19.53
ZnOHEDTAY 19.75 18.38
ZnH.EDTA" 22.79 20.07
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were used for the construction of a calibration curve, so
that the counting efficiency could be determined. The
counts per minute (CPM) were corrected for back-
ground and radioactive decay. ®°Zinc can be deter-
mined with a 17.8% counting efficiency in a Minaxi
Auto-Gamma counting system fitted with a 3 inch thal-
lium activated sodium iodide crystal. The counting
efficiency gives the relation between CPM and the dis-
integrations per minute (DPM) of “zinc.

Zinc** uptake (nmol g} h™!) was calculated accord-
ing to the formula:

Zinc**uptake = =L
WxtxSAx60

in which W is the fresh weight (g), ¢ 1s the exposure
time (hours), SA is the specific activity (Bq nmol™!) and
60 1s a constant factor to transform DPM to Bq (1 Bq =
1 disintegration per second and 1 Bq = 60 DPM).

Upiake oi zinc as funciion of iime and conceniraiion.
To test the linearity of uptake in function of time and
concentration, 2 preliminary experiments
were conducted. In a first experiment accu-
mulation of zinc by mussels exposed to 5
pmol 1! ZnCl, was followed for 24 h. After 1,
3, 6, 12 and 24 h the mussels were trans-
ferred to a rinsing solution for 20 min and
processed. Preliminary experiments showed
that this period was sufficient to remove the
rapidly exchangeable pool of zinc adsorbed
on the external surfaces of the animal. In a
second experiment accumulation of zinc
was followed in solutions containing 1 to 20
pmol I'! ZnCl, over a 24 h period. The same
experimental procedures were followed as
described previously.

Uptake of zinc in complexing environ-
ments. To determine the effect of complexa-
tion on the uptake of zinc, 5 organic ligands
(EDTA, NTA, histidine, citrate and glycine)
were used. The differences in stability con-
stants between the zinc-ligand complexes
generated a wide range of free zinc ion
activities. The ligands were added to the
solutions from concentrated stocks prepared
in deionised water. The experiments were
performed in either the absence or presence
of a metal ion buffer. In the first case, 5 pmol
1"! ZnCl, and a fixed concentration of one of
the ligands was added. Each of the 5 ligands
were tested for 9 different concentrations. In
the second case, an excess of ZnCl, (1 x 10°*
mol 1) and EDTA (9.55 x 10> mol1"}Y and a
fixed concentration of one of the ligands was
added, so that the same free zinc ion activity
in both buffered and non-buffered environ-

UPTAKE (nmol 9‘1)

2+
Zn

_1)

7n2" UPTAKE RATE (nmol g™ ' h

ments was obtained. The same experimental proce-
dures were followed as described previously.

Statistical analysis. Regressions, correlations and
analyses of variance (ANOVA) were performed with
Statistica (StatSoft Inc., Tulsa, OK, USA).

RESULTS
Uptake of zinc as function of time and concentration

In a first experiment uptake of zinc was followed in
mussels exposed to 5 pmol I'! zinc over 24 h (Fig. 1).
The uptake of zinc by the soft tissues increases lin-
early with time of exposure during the first 24 h. The
slope (v) of the absorption curve is the zinc uptake
rate {vyy = 0.188 nmol g™ h™?, Viupeigmpn = 0.017 nmol
g' h'’). Adsorption of zinc by the shell does not
remain fully linedr, indicating saturation of the shell
binding sites.
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Fig. 1. Mytilus edulis. Uptake of zinc by shell, gills and hemolymph as
function of exposure tume (total Zn: 5 umol I"!). Data points represent

means for 7 replicates with standard deviations. "*'p < 0.001
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Fig. 2. Mytilus edulis. Uptake of zinc by shell, qulls and hemolymph as
function of the total zinc concentration (exposure time: 24 h). Data points
represent means for 7 replicates with standard deviations.
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Table 3. Mytilus edulis. Relative importance of different organs
for zinc uptake (n = 35; total zinc concentration: 5 pmol 11

(A) Zinc uptake per gram fresh weight = SD

Organ Zinc uptake (nmol g~' h™!)
Digestive system 10.3+3.5
Gills 53+14
Mantle 46x27
Foot 29+09
Muscle 22+0.8
Hemolymph 1.3+0.5

(B) Absolute zinc uptake in different tissues + SD

Organ Zinc uptake (nmol h™})
Hemolymph 0.2+0.1
Muscle 0.11 +£0.04
Digestive system 0.09+0.03

Gills 0.05 £ 0.01
Mantle 0.02 £ 0.01

Foot 0.004 + 0.001

In a second experiment uptake of zinc was deter-
mined after 24 h of exposure to different zinc concen-
trations ranging from 1 to 20 pmol 1"}, As shown in
Fig. 2, a rectangular hyperbola yielded a good fit to the
data, indicating that zinc uptake displays saturable
uptake kinetics. Uptake in gills remained linear up to a
zinc concentration of 16 pmol 17! and uptake in
hemolymph remained linear up to a zinc concentration
of 5 umol 17'. These 2 experiments show that zinc
uptake by the tissues does not saturate over a 24 h
period for mussels exposed to 5 umol 17! zinc. There-

fore the following experiments were conducted over
this time interval and at this zinc concentration.
Table 3 shows the relative and absolute distribution of
zinc in the different organs after 24 h of exposure to
5 pmol 17! zinc,

Chemical speciation model

The results of the chemical speciation calculations
are shown in Fig. 3. In chemically defined seawater of
pH 8.0, salinity 35%. and temperature 15°C, zinc is dis-
tributed over the following inorganic complexes: 52 %
as the free Zn?* ion, 33.5% as chloro-complexes, 6 % as
carbonate complexes, 4.5 % as sulphate complexes and
4% as hydroxide complexes. The addition of an
organic ligand decreases the free zinc concentration
by the formation of several organic complexes. For the
weakest ligands, like glycine, an excess of ligand must
be added before the metal is completely complexed.
For stronger ligands, like EDTA, the metal is already
completely complexed at an equimolar concentration
of ligand and metal.

Uptake of zinc in non-metal buffered complexing
environments

Zinc uptake experiments were performed in chemi-
cally defined seawater with a fixed total zinc concen-
tration of 5 pmol 17! and 9 different concentrations of
ligand. The 45 combinations generated a wide range
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of free zinc ion activities ranging from 1.5 x 10 '! to
55 % 107 mol I'". In Fig. 4 the zinc uptake rates are
plotted against the zinc ion activity in the seawater for
digestive system, gills and hemolymph. In the 3
organs the uptake increases with increasing free zinc
ion activity.

The correlations between the free zinc ion activity
and the zinc uptake rates presented in Table 4 show
that there is a high degree of linear association
between the 2 variables. The correlations between the
activities of the zinc complexes and the zinc uptake
rates are negative, implying that complexation de-
creases uptake. However, in the case of histidine the
correlations between the activity of ZnHis* and zinc
uptake rates are significantly positive, indicating that
ZnHis* promotes zinc uptake.

The results of a multiple linear regression analysis
concerning the effect of histidine on zinc uptake are
given in Table 5. Considering the free zinc ion as the
only species that is taken up by the mussel explains
between 54 and 719% of the wvariation observed,
depending on the organ considered. Including the
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Fig. 4. Mytilus edulis. Uptake of zinc by digestive system, gills

and hemolymph. Effect of organic complexation on the zinc

uptake rate in function of the free zinc ion activity in a

solution containing 5 umol 1! zinc. (salinity 35%.; pH 8.00;

temperature 15°C). (a) EDTA; (0) NTA; (@) histidine;
(O) glycine; (W) citrate

Table 4. Mytilus edulis. Coefficients of determination (r-) for lin-
ear correlations between the activities of the ditferent zinc spe-
cies 1n solution and the zinc uptake rate for hemolymph, gills
and digestive system. The different complexes are represented
by ZnL, where L indicates the ligand used (EDTA, NTA, histi-
dine, citrate, glycine) and 1 the number of ligands in the com-
plex. Sign mn front of determination coefficient designates
whether the correlation is positive or negative. Signiticance lev-
els indicated according to the following probability ranges: ""p >
0.05; *0.05>p>0.01; **0.01 >p >0.001; ***p=<0.001

Zn- ZnL, ZnlL. n
Hemolymph
EDTA 0.75""  -0.75""" 57
NTA 0.70°**  -0.70""" -0.14° 59
Histidine 045" 0.02"™ -0.61°"" 53
Citrate 066" -0.66""" -0.34"*" 58
Glycine 083" -0.13" -0.71°"" 60
Gills
EDTA 077 =077 62
NTA 0.56°**  -056""" -0.25""" 60
Histidine 0.10° 0.16"" -0.33""" 60
Citrate 0.36°* -036""" -0.29°*" 61
Glycine 0.52***  -0.00™ -0.70""" 62
Digestive system
EDTA 0.79°  -0.79*"" 62
NTA 0.72°**  -0.73*"  -0.22"* 60
Histidine 0.36°"" 0.08" -0.64°"" 59
Citrate 0.42°**  -042'"" -042"" 60
Glycine 064" -0.04™ -0.73"" 61

87 " of the variation. Also including the Zn(His),® com-
plex in the model does not decrease the amount of
variation explained by the model.

To test whether there are differences among the 5
groups in zinc uptake, a linear regression model
through the origin was fitted to the data for each of the
5 ligands. The model was fitted through the origin
since there is no zinc uptake if there is no zinc in the
medium. A convenient method for systematically com-
paring all pairs of regression slopes is to compute up-
per and lower confidence limits for each regression
slope such that 2 slopes are significantly different
when their limits do not overlap (Gabriel 1978). Re-
gression slopes whose confidence intervals overlap are
not significantly different at the experimentwise error
rate of o = 0.05. Those whose intervals do not overlap
are significantly different. The regression slopes and
their intervals for the 5 different ligands for digestive
system, gills and hemolymph are shown in Fig. 5.

Uptake of zinc in metal buifered complexing
environments

Metal ion buffers provide a controlled source of free
metal ions. If free metal ions are removed from the
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Fig. 5. Mytilus edulis. 95 % comparison intervals for the slopes of zinc uptake rate on free zinc ion activity for digestive system,

gills and hemolymph. Regression coefficients whose intervals do not overlap are significantly different. The coefficients of deter-

mination (r?) for the linear regression through the origin between the free zinc ion activity (nM) and the zinc uptake rate (nmol
g~' h™!) are given for each ligand. E: EDTA; N: NTA; H: histidine; C: citrate; G: Glycine. ***p < 0.001

Table 5. Mytilus edulis. Fitting parameters (C;, C;, Cs) and coefficients of
determination (r?) for multiple linear regression between the activities of the
free zinc ion, the different zinc-histidine species and the zinc uptake rate for
hemolymph, gills and digestive system. Concentrations of zinc species are in

uptake in the presence of histidine is far
above what is expected from the free zinc
ion activity in the solution.

nmol 1! and uptake rates in nmol kg™' h™'. Significance levels indicated
according to the following probability ranges: "p > 0.05; *0.05 2 p > 0.01;

**0.01 > p>0.001; "**p <0.001

C, C, Cs n
Zn uptake = C; x Zn**
Hemolymph 3.390" " 53
Gills 11.475*" 60
Digestive System 23.310""* 59

Zn uptake = C; x Zn?* + C, x ZnHIS*

Hemolymph 2.789"" 0.345"" 53
Gills 7.620°"" 2.234°"" 60
Digestive System 17.910°*" 3.295"*" 59
Zn uptake = C; x Zn?* + C, x ZnHIS* + C5 x ZnHIS,°

Hemolymph 2,770 0369 -0.033™ 53
Gills 7.794° 2.034°'"  0.273™ 60

Digestive System 17729 3.511°*" -0.288™ 59

DISCUSSION

r’ During the first 24 h =zinc uptake
increases linearly with the time of expo-
071 sure. Hence, a constant concentration
0540+ gradient is maintained across the
0.67'"" exchange surfaces during at least the first
24 h of metal uptake. Pentreath (1973)
0.84°"" and Renfro et al. (1975) followed zinc
0.85°"" accumulation and showed that uptake
087" remained linear over the first 2 to 3 d of
exposure and that a steady state situation

0.83°"" was only reached after 3 to 4 wk.
822 As shown in Table 3 the gills and the
' digestive system are the most important

solution, by adsorption or absorption, they are replen-
ished by the reversible dissociation from the reservoir
of metal in the buffer complex. Fig. 6 gives the results
of the uptake in non-metal buffered and metal
buffered environments for gills, digestive system and
hemolymph. The different groups were tested by
1-way ANOVA followed by Tukey Kramer multiple
comparisons test. For gills the uptake of zinc is compa-
rable for both environments. In contrast uptake of zinc
by the digestive system and hemolymph is much
higher in metal buffered environments. As before, his-
tidine appears to enhance the uptake of zinc, since

organs for zinc uptake. The gills and the

digestive system of bivalve molluscs are
known to be critical organs for the uptake and accu-
mulation of metal ions from seawater (Pentreath 1973,
Janssens & Scholz 1979, Amiard et al. 1986). Consider-
ing the absolute amounts of zinc, hemolymph becomes
the most important compartment, since it is the largest
soft body compartment. The blood volume of Mytilus
californianus is about 51% of the wet weight of the
soft tissues {(Martin et al. 1958).

The relation between the total zinc concentration in
the exposure medium and zinc uptake rate followed a
hyperbolic curve. This means that zinc uptake is a sat-
urable process, indicating that a membrane transport
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Fig. 6. Mytilus edulis. Comparison of the zinc uptake rate by
digestive system, gills and hemolymph in metal buffered
(open bars) and non-metal buffered (striped bars) solutions at
the same free zinc ion activities. E: EDTA; N: NTA; H: histi-
dine; C: citrate; G: glycine. Significance levels indicated
according to the following probability ranges: ™p > 0.05;
*0.052p>0.01; "*0.01 > p>0.001; **"p <0.001

system, i.e. a channel or carrier, takes the metal across
the lipid bilayer. Such a system can be described by
Michaelis-Menten kinetics which characterises the
system by 2 parameters: V)., and K. V.. is the
maximum velocity and K, in physical terms, can be
thought of as a measure of the affinity of the trans-
porter for the metal. The lower the K, value, the higher
the affinity (Palmer 1991). The values for V., and K,
in gills and hemolymph are respectively 659 and
1.7nmol g"'h™' and 44.03 and 4.1 pmol I"! This means
that zinc uptake is much faster in gills than in
hemolymph. The affinity of the transporter which
takes the metal from the epithelia to the hemolymph is
much higher than the affinity of the transporter which
takes the metal from the solution across the apical gill
membrane.

Transport of metal ions across apical membranes is
generally considered to be passive, involving the pas-
sage of the metal through size and charge selective
channels. The interactions of the metal ion with the
channel are rather weak, involving mainly electrosta-
tic forces. The transport of metal ions across the baso-

lateral membranes is generally considered to be an
active process, involving stronger covalent interactions
between the metal and the carrier In general rates of
channel transport are also higher than carrier medi-
ated transport (Friedman 1986).

A number of previous studies have demonstrated the
importance of the free metal jon activity in the
bioavailability of trace metals to aquatic organisms
(Zamuda & Sunda 1982, Jenkins & Sanders 1986, Blust
et al. 1992). Specifically for mussels, some studies
demonstrated an increase in metal uptake in the pres-
ence of organic ligands {George & Coombs 1977,
Pempkowiak et al. 1989). However, the current study
shows that organic ligands decrease metal uptake by
reducing the bioavailable form of the metal, 1.e. the
free metal ion. In all cases, except histidine, there is a
negative correlation between the activities of the zinc-
ligand complexes and the uptake rates. This indicates
that the metal compiexes are poorly available or not
available to the animal. However, a direct relation
between the free zinc ion activity and zinc uptake rate
is not always apparent over the entire range of com-
plexation conditions.

The observed differences can be caused by changes
in the chemical speciation of the metals in the layers
lining the exchange surfaces where conditions may
deviate considerably from seawater. This is certainly
true for the digestive tract, which secretes large
amounts of mucus and digestive enzymes (Morton
1992).

The kinetics of metal complexation can also influ-
ence metal uptake when the rate of complex dissocia-
tion is slower than the rate of metal uptake. In this case
the metal transporting system may deplete the sur-
rounding solution of free zinc so that the rate of metal
uptake decreases. Generally the rate of complex disso-
ciation decreases with the thermodynamic stability
constants of the metal ligand complex. Thus, for the
same free metal ion activity, the rate of metal uptake
should decrease with the thermodynamic stability of
the metal complexes. Such a dependence was not
observed, indicating that zinc uptake is not con-
strained by complexation kinetics (Hering & Morel
1990).

In the case of histidine most of the variation in zinc
uptake can be explained when the free zinc ion and a
zinc-histidine complex are considered to be the metal
species that are taken up. Zinc forms 2 different com-
plexes with histidine, i.e. ZnHis* and Zn(His),’. At low
histidine concentrations ZnHis* is the prevalent com-
plex while at higher histidine concentrations the
Zn(His)," complex becomes more important. Forma-
tion of the Zn(His),® complex results in a decrease of
zinc uptake, indicating that only the ZnHis* complex
facilitates the uptake of zinc. Previous studies have
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shown that histidine increased the rate of copper
uptake by facilitating the delivery of the metal to the
copper transporting molecule on the membrane sur-
face (Ettinger et al. 1986). Other authors proposed the
direct cellular uptake of zinc-histidine complexes, via
an amino acid transport system (Gachot et al. 1991,
Aiken et al. 1992). Whether the mechanism of facilita-
tion involves the direct tranport of the ZnHis* complex
across the membrane cannot be deduced from the pre-
sent study.

Zinc uptake rates in gills are not significantly differ-
ent for the 5 ligands used. The slopes of the regression
lines of =zinc uptake by digestive system and
hemolymph are not significantly different for citrate,
glycine, NTA and EDTA. However the slope of the
regression line for histidine is significantly different
from the slopes of the other lines. This is the result of
the contribution of ZnHis" to the zinc uptake rate. As a
consequence the fit is rather poor which is reflected in
the broad confidence limit.

Comparing zinc uptake in non-buffered and buf-
fered environments shows that, for gills, uptake is
comparable in both environments and proportional to
the free zinc ion activity in the water for all ligands
except histidine. This confirms the observation that
histidine facilitates the uptake of zinc. In the digestive
system zinc uptake is higher in the buffered environ-
ment, indicating that zinc is released from the ligands
and the free zinc ion activity increases accordingly.
The magnitude of the effect varies strongly with the
ligand considered so that the relation between the free
zinc ion activity and zinc uptake is totally lost under
these conditions. Since hemolymph receives metal
from both uptake sites, uptake of zinc in this compart-
ment is also higher in a buffered than in a non-
buffered environment.

This study has shown that uptake of zinc strongly
depends on the chemical speciation of zinc in the solu-
tion. Complexation of zinc with organic ligands may
increase or decrease zinc uptake depending on the lig-
and involved. Most ligands decrease zinc availability
by reducing the activity of the free zinc ion in the solu-
tion, but there is a marked exception. Histidine
appears to promote the uptake of zinc even in the pres-
ence of a strong chelator. For the same free zinc ion
activity the availability of zinc is higher in the digestive
system than in the gills, indicating that zinc is released
from its complexes when it enters the gut.
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