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Abstract

Since polluted environments contain mixtures of different contaminants, the aim of this study was to investigate the time-integrated
uptake of individual metals by a freshwater teleost, Tilapia sparrmanii following exposure to a metal mixture containing Cu, Fe
and Zn.  The metal concentrations used during the bioassays were chosen to represent ecologically relevant concentrations as found
in the Olifants River, Kruger National Park, South Africa.  The concentrations used in the bioassay were 0.16 mg·l-1, 4.3 mg·l-1 and
1.003 mg·l-1 for Cu, Fe and Zn respectively.  Gill, plasma and liver were sampled at 0, 2, 4, 6, 12, 24, 24, 48, 72, 96 h and four weeks.
Gill tissue is the initial site of accumulation of water-borne metals.  Although the fish were exposed to a metal mixture, the
interactions between metals and the external gill surface, as well as the subsequent uptake rate, were associated with the particular
chemical properties of individual metals.  The tendency of the individual metals in the metal mixture to bind to the external gill
surface via ionic bonds, and to gill cytosolic compounds via covalent bonds, was Cu > Fe > Zn.  The ensuing uptake rates into the
extracellular compartment (blood) and intracellular compartment (liver tissue) were Zn > Fe > Cu.  The toxic effects of Cu and Fe
were, therefore, primarily exerted on the gill surface and in the gill cytosol, whereas the toxic action of Zn was primarily limited
to the internal organs.

Introduction

Trace metals are introduced into the environment by a wide
spectrum of natural and anthropogenic sources.  Metals are non-
biodegradable, and once they enter the environment, bioconcen-
tration may occur in fish tissue by means of metabolic and biosorption
processes (Hodson, 1988; Carpené et al., 1990; Wicklund-Glynn,
1991).  From an environmental point of view, bioconcentration is
important because metal ions usually occur in low concentrations
in the aquatic environment and subtle physiological effects go
unnoticed until gross chronic reactions (e.g. changes in populations
structure, altered reproduction, etc.) become apparent (Kumar and
Mathur, 1991).  Although trace metals are essential for normal
physiological processes, abnormally high concentrations can be
toxic to aquatic organisms.  Due to the insidious nature of metal
bioconcentration, it would be too late to apply preventative measures
to reduce the pollution effects by the time the chronic effects
become visible.

Acute metal toxicity in fish is often characterised by gill
damage and hypersecretion of mucus (Mallatt, 1985).  Ensuing
mortalities are, in turn, related to secondary physiological respiratory
disturbances, resulting in ion-regulatory and acid-base balance
disturbances (Goss and Wood, 1988).  The extent of the physiological
disturbances will depend on bioconcentration and uptake of the
metal, which, in turn, is determined by the physical and chemical
composition of the surrounding medium.

Most research has been concerned with the physiological
effects and bioconcentration patterns of individual metals.  Trace
metals i.e. Cu, Fe and Zn are readily concentrated in different fish
tissues (Villegas-Navarro and Villarreal-Treviño, 1989; Grobler-

Van Heerden et al., 1991; Mohan and Choudhary, 1991; Peres and
Pihan, 1991; Pelgrom et al., 1995).  It has further been shown that
uptake of sublethal concentrations of these metals leads to altered
physiological processes, which reduces the normal functioning of
the organism (Grobler et al., 1989; Wepener et al., 1992).  As
effluent from many sources enters natural waters, the negative
impact on the aquatic ecosystem is due to a mixture of metals, rather
than individual component metals.  When metal mixtures are
discharged into the environment they may show a number of
effects, which are synergistic, antagonistic or additive in nature
(Lewis, 1978; Tsai and McKee, 1980; Mukhopadhyay and Konar,
1985).

Research on the interaction of Cu, Zn and Fe and the subsequent
tissue distribution is limited mainly to mammalian toxicological
studies, investigating the absorption and metabolism of these
metals under high and low dietary conditions (see Gawthorne, 1987
for extensive review).  Very limited work, other than a study by
Dethloff et al. (1999) investigating the uptake of Cu and Zn by gill
and liver tissue of rainbow trout exposed to a metal mixture
containing Cu and Zn, has been done on uptake of individual metals
by fish following their exposure to a metal mixture.

Metal exposure concentrations were selected to represent
ecologically relevant concentrations.  The Olifants River
(Mpumalanga) is known to contain high Cu and Zn concentrations,
which are comparable to metal concentrations in large metal-
polluted rivers in the northern hemisphere (Wepener et al., 2000).
Concentrations selected for this study were based on actual measured
values obtained during a metal monitoring programme in the
Olifants River (Seymore et al., 1994).   The purpose of this paper
was to evaluate the bioconcentration kinetics and tissue distribution
of individual metals from a metal mixture containing Cu, Fe and Zn
in gill, liver and plasma in a freshwater fish, Tilapia sparrmanii.
This information could contribute to understanding physiological
responses following exposure to metal mixtures containing Cu, Fe
and Zn.
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Material and methods

Bioindicators and bioassay system

Banded tilapia (T. sparrmanii), averaging 170 ± 13 mm in length
and 74 ± 8 g in mass were obtained from a commercial hatchery in
Brits, Northwest Province, South Africa.  Prior to experimental use
the fish were kept in a tank containing 2 500 l aerated, circulated and
filtered water at 28 ± 0.5°C.  The fish were fed daily with
commercial trout pellets (40% protein).

Following acclimation to laboratory conditions for a period of
four months, healthy fish were transferred to 12 x 100 l aerated
glass aquarium tanks (ten fish per tank) of the experimental flow-

through system (Fig. 1) and they were allowed to acclimatise in the
experimental tanks for at least one week prior to metal exposure.
Borehole water was used during the entire acclimation and
experimental period and the chemical water quality attributes
during the study are presented in Table 1.

The water temperature of the experimental tanks was kept at
28 ± 0.5°C and a pH of 7.6 ± 0.1 was maintained.  The fish were
subjected to a 14 h light and 10 h dark rhythms.  These conditions
simulated the conditions which prevailed in the Olifants River
during the summer months (Seymore et al., 1994). The
concentrations of Cu, Fe and Zn chosen for this experiment
represented the mean total concentrations of these metals in the
Olifants River during 1990 to 1991 (Seymore et al., 1994).  The
concentrations used during this bioassay were 0.16 mg·l-1,
4.3 mg·l-1 and 1.003 mg·l-1 for Cu, Fe and Zn respectively.  Metals
were added to 1 000 l reservoir tanks as CuCl

2
, FeCl

2
 and ZnCl

2

solutions.  Each reservoir supplied a set of four 100 l glass tanks
with the toxicant mixture through an adjustable tap (Fig. 1).  Each
tank contained 10 fish and the flow rate was maintained at 90
ml·min-1.  Control fish were maintained under similar conditions,
but without the addition of the metal mixture to the water.

Short-term exposure of T. sparrmanii to the metal mixture (2
to 96 h) and also long-term exposure of four weeks were effected.
Short-term exposure regimes consisted of test animals being exposed
to the metal mixture for 2, 4, 6, 12, 24, 48, 72 and 96 h simultaneously.
Five test organisms were used for the 2 h to 72 h exposure periods,
whereas 10 test organisms were used for the control, 96 h and long-
term exposure periods (672 h).  A reduction in the sample size for
the intermediate time-interval exposures was necessitated due to
the size constraints of the bioassay system and the availability of
test organisms.  None of the fish were fed during the 96 h exposure
period, whereas during the long-term exposure, fish were fed every
second day.  Care was taken to ensure that no excess food was left
in the tanks after feeding.

Water samples were taken after 96 h and long-term exposure
(672 h) and metal concentrations were measured.  After acidification
of the water samples, total concentrations (unfiltered water) of Cu,
Fe and Zn were measured by atomic absorption spectrophotometry.

TABLE 1
Water quality of the exposure medium used

during bioassays.  Only pH was measured daily
during each exposure and the mean   standard
deviation is presented.  All the other variables
were measured at the onset of the bioassays.

pH 7.6 ± 0.1
Ammonium (mg·l-1) 0.04
Fluoride (mg·l-1) 0.1
Total Alkalinity as CaCO

3
 (mg·l-1) 50

Potassium (mg·l-1) 1
Sodium (mg·l-1) 5
Chloride (mg·l-1) 10
Calcium (mg·l-1) 11
Magnesium (mg·l-1) 9
Ortho-phosphate (mg·l-1) 0.015
Sulphate (mg·l-1) 10
Electrical conductivity (mS/m) at 25°C 17.7
Copper (µg·l-1) 24
Iron (µg·l-1) 319
Zinc (µg·l-1) 149

Figure 1
Diagrammatic representation of
the flow-through system used

during the bioassays

l
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The concentrations of the metals in the exposure mixture after 96
h were as follows: Cu - 0.154 ± 0.01 mg·l-1, Fe - 3.8 ± 0.3 mg·l-1 and
Zn - 0.966 ± 0.04 mg·l-1 and after 4 weeks metal concentrations
were: Cu – 0.168 ± 0.014 mg·l-1, Fe – 2.95 ± 0.28 mg·l-1 and Zn -
0.982 ± 0.028 mg·l-1.

Tissue concentrations

Following exposure to the metal mixture for 2, 4, 6, 12, 24, 48, 72
and 96 h as well as 672 h, fish were removed from the experimental
tanks.  Blood was collected from the dorsal aorta. Thereafter, the
fish were killed by severing the spinal cord and dissecting the gill
and liver tissue.  Mucus was removed from the gill surface by gently
swirling the gill tissue in distilled water.  Tissue samples for the
control, 96 h exposure and long-term exposure were collected from
ten fish, whereas tissues were only collected from five fish in the
other exposure groups.  This was due to practical reasons associated
with the availability of test organisms.  In order to obtain sufficient
sample volume (1 ml of plasma) for metal analyses, it was necessary
to pool the plasma samples from individual fish during each
exposure group.  It was, therefore, not possible to analyse replicate
plasma samples for each exposure group.  The same procedure had
to be applied to some of the short-term exposures in order to obtain
sufficient liver mass for analyses.  Although it was not the ideal
situation, it was assumed that, in both cases, analyses of pooled
samples from 5 organisms would be sufficient to reduce variability.
Tissues were placed in pre-weighed flasks and allowed to dry in a
drying oven for 24 h at 60ºC.  Further sample preparation, sample
analyses and calculations were carried out as described in detail by
Du Preez and Steyn (1992).  Statistical analyses were carried out
using the unpaired Student’s t-test (Zar, 1996).

Results

Metal concentrations in gill tissue

Copper concentrations in gill tissue showed slight increases for the
first 48 h. Thereafter, the levels increased significantly (P<0.05)
and remained significantly elevated after four weeks of exposure
(Fig. 2a).  Iron in gill tissue increased significantly (P<0.05) after
only 2 h exposure and remained elevated during the 72 h exposure
period (Fig. 2b).  The Fe concentrations after the 96 h exposure
period did not differ from the control values, but long-term exposure
to the metal mixture resulted in significantly elevated concentrations.
In contrast to the increases in Cu and Fe, following exposure to the
metal mixture, Zn concentrations in the gill tissue decreased
significantly during the initial 12 h of exposure (Fig. 2c).  The
following 48 h exposure period resulted in increases in Zn
concentrations, but the levels were still significantly lower than
those of the control values.  Concentrations of Zn in gill tissue
returned to control levels after 96 h of exposure and remained
within these levels, even after four weeks of exposure.

Metal concentrations in plasma

Concentrations of Cu in plasma samples of T. sparrmanii showed
a marked decrease from the control concentrations following short-
term exposure to the metal mixture (Fig. 3).  Elevated concentrations
were only found after long-term exposure.  Bioconcentration
patterns for Zn revealed intermittent increases and decreases in the
plasma samples (Fig. 3c).  Concentrations initially increased during
the first 4 h of exposure, followed by a decrease to control values
during the 12 h exposure period.  This was followed by “pulsed”

uptake after 24 h exposure and decreased to normal and below
normal values after 36 and 48 h exposures respectively.  The 72 h
exposure group displayed increased Zn concentrations, whereas
the 96 h exposure reflected lower concentrations when compared
to control values. Long-term exposure to the metal mixture resulted
in elevated Zn concentrations.  Bioconcentration of Fe in plasma
displayed similar patterns to that of Zn, but the frequency of the
increase/decrease “pulses” was much lower. Plasma Fe concen-
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Figure 2
Time-dependent bioconcentration of copper, iron and zinc in gill
tissue of T. sparrmanii.  Concentrations are presented as mean

± standard error.  Asterisks represent significant differences
(* - P<0.05 and **- P<0.005) from the control values (n=5 for all
exposures except 0 h, 96 h and 672 h where n=10).  Note the

x-axis is not according to scale.
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trations increased steadily and reached a maximum after 24 h of
exposure and then decreased to near control values during the
subsequent 48 h exposure (Fig. 3b).  Increases in Fe concentrations
above controls were measured following the 96 h exposure and
long-term exposure periods.

Metal concentrations in liver tissue

Copper, Fe and Zn concentrations in liver tissue decreased

significantly (P<0.05) following 2 h of exposure to the Cu-Fe-Zn
mixture.  Although there was a subsequent increase in Cu and Zn,
the concentrations still remained significantly lower than the
control concentrations (Figs. 4a and 4c).  It was only after the 48 h
exposure that concentrations increased above control values.  Copper
concentrations decreased slightly below control values after 96 h

Control 2 4 6 12 24 48 72 96 672

0.0

2.5

5.0

7.5

C
u 

co
nc

en
tr

at
io

n 
(m

g
.l-1

)

Control 2 4 6 12 24 48 72 96 672

20

40

60

80

100

F
e 

co
nc

en
tr

a
tio

n 
(m

g.
l-1

)

Control 2 4 6 12 24 48 72 96 672

10

20

30

40

50

60

70

Hours of exposure

Zn
 c

o
nc

en
tr

a
tio

n 
(m

g.
l-1

)

a

b

c

Control 2 4 6 12 24 48 72 96 672

40

90

140

190

240

290

340

390 *

*
*

*

*

C
u 

co
nc

e
nt

ra
tio

n 
( µ

g.
g

-1
)

Control 2 4 6 12 24 48 72 96 672

50

75

100

125

150

175

200

225

250

275

300

325

*

**

*

**

**

F
e

 c
o

nc
e

nt
ra

tio
n 

( µ
g.

g
-1

)

Control 2 4 6 12 24 48 72 96 672

10

15

20

25

30

35

40

Hours of exposure

Z
n 

co
nc

e
nt

ra
tio

n 
( µ

g
.g

-1
)

a

b

c

Figure 3
Time dependent bioconcentration of copper, iron and zinc in

plasma of T. sparrmanii. Plasma samples were pooled to obtain 1
ml of plasma for each exposure group (n=5 for all exposures
except 0 h, 96 h and 672 h where n=10). Hence, the lack of

replicates.  Note the x-axis is not according to scale.

Figure 4
Time dependent bioconcentration of copper, iron and zinc in liver
tissue of T. sparrmanii.  Liver samples were pooled to obtain 1 g

dry mass of tissue for each exposure group hence the lack of
replicates for some exposure groups.  Concentrations are
presented as mean ± standard error.  Asterisks represent

significant differences (* - P<0.05 and **- P<0.005) from the
control values (n=5 for all exposures except 0 h, 96 h and 672 h

where n=10).  Note the x-axis is not according to scale.
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exposure, whereas the slight decrease in Zn did not go below
control concentrations.  Iron concentrations in liver tissue displayed
a similar tendency with significant decreases (P<0.05) after 2 h of
exposure (Fig. 4b).  However, Fe concentrations in the liver
increased significantly only after 12 h exposure.  As with Cu and
Zn, the Fe concentrations decreased after the 96 h exposure period
but increased above control values following long-term exposure.

Discussion

Metal uptake by aquatic organisms is a two-phased process, which
involves initial rapid adsorption or binding to the surface, followed
by a slower transport into the cell interior (Crist et al., 1988).  In
epithelial tissues the last step is the rate-limiting factor in
transepithelial movement of metals (Foulkes, 1988).  Transport of
metals into the intracellular compartment may be facilitated by
either diffusion of the metal ion across the cell membrane or by
active transport by a carrier protein (Brezonik et al., 1991).  A third
process involved in determining metal uptake, i.e. speciation of the
metals in the medium before contact with the gill epithelia was not
investigated in this study.

Metal uptake by gills

Gill surfaces are the first target of water-borne metals (Spicer and
Weber, 1991).  The micro-environment of the gill surface consists
of an epithelial membrane which primarily contains phospholipids
covered by a mucous layer (Bolis et al., 1984; Van de Winkel et al.,
1986).  The constituents of the external gill surface have a pK value
of 3.6 (Reid, 1990) and at environmentally relevant pH values
(pH>5), these constituents of the gill epithelia will be fully ionised,
resulting in negatively charged gill surfaces and potential gill-
metal interaction sites (Reid and MacDonald, 1991).  The pK value
refers to the condition where the anion concentration (A-) is equal
to the concentration of the conjugate (HA).

The extent of metal interaction with biological complexes
varies widely among metals and has resulted in the development of
a number of approaches to provide a measure of predictive
relationships for these complexation patterns.  Two of the most
widely used approaches are:

• Correlations based on the metal ion size (the ionic radius or a
function of charge: radius ratio),

• Correlations based on metal ion electronegativity (Nieboer and
Richardson, 1980; Brezonik et al., 1991).

According to Nieboer and Richardson (1980) the relative binding
affinity of a metal for biological ligands is a function of the
tendency of a metal to form ionic vs. covalent bonds (metal
electronegativity), as well as the chemistry of the particular ligand.
Therefore, metal binding to gill surfaces could primarily be
determined by the ionic interactions with the epithelial tissue (Reid
and MacDonald, 1991).  Ionic interactions are characteristic of
oxygen-rich ligands, suggesting that the oxygen-rich centres of the
carboxylate, sulphate and phosphate groups act as metal receptors,
whereas covalent interactions typically bind to nitrogen- or sulphur-
rich ligands, which are characteristic of sulphydryl, thioether,
nitrogen and amino groups (Reid and MacDonald, 1991).

The bioconcentration kinetic patterns of the metals in the metal
mixture under investigation can best be explained by the two
mechanisms mentioned above (viz. ionic and covalent correlations).
The ionic and covalent indices for Cu, Fe and Zn which are
calculated according to the formulae of Nieboer and Richardson

(1980) are presented in Table 2.
Based on these index values, it is possible to predict that Cu

(and possibly Fe) will have a tendency to bind to a more diverse
selection of ligands and it could, therefore, be expected that the gill
binding capacity would be greater for these metals than for Zn.  This
prediction was substantiated by significant increases of Cu and Fe
observed in the gill tissue (Fig. 2).  The significant decreases in Zn
concentrations in gill tissue could, in turn, be attributed to its
displacement from binding sites by the more competitive metals in
the metal mixture and the subsequent uptake into the blood stream.
Wepener (1997) demonstrated the displacement of the Ca2+,
following exposure to the same metal mixture.  These findings
support the gill surface interaction model proposed by Pagenkopf
(1983) which states that the rate of metal-gill interactions is rapid
and that competition occurs between metals, water hardness ions,
and H+.  Dethloff et al. (1999) found that gill Cu concentrations of
rainbow trout increased following exposure to a metal mixture
containing Cu and Zn.  The Zn concentrations were, however,
highly variable but did not result in any significant alterations when
compared to the control.  Other studies found that adsorption of Cu
to the gills of freshwater fish was extremely rapid, occurring within
the first hour of exposure (Playle et al., 1992; Grosell et al., 1997).

Bioconcentration kinetic studies showed that external inter-
action sites have a finite capacity and Cu concentrations as low as
13 µg·l-1 resulted in saturation of gill ligands (Laurén and MacDonald,
1987).  A low affinity of the gill surface for a metal allows the metal
to pass through the plasma membrane into the intercellular
compartment (Reid and MacDonald, 1991).  Since no distinction
was made in this study between metals adsorbed to surface ligands
or bioconcentration in the gill tissue, it could be assumed that Cu
bioconcentration would only occur within the gill tissue once the
affinity of Cu binding sites on the external surface has decreased
due to saturation.  Once inside the intracellular compartments of the
gill there is a greater variety of binding sites e.g. gluthatione,
metallothioneins and ATPases. As Cu has the highest covalent
index value it could also be expected that it would be more
competitive than Zn for the available intracellular nitrogen and
sulphur-rich ligands.  This is shown by the continued increase in Cu
concentrations in gill tissue following a 12 h exposure to the metal
mixture.

Displacement of Zn by more competitive Cu (and possibly Fe)
ions, and the subsequent binding of the latter to oxygen-rich ligands
on the external gill surface and the intercellular nitrogen, sulphur-
rich ligands and metallothioneins (MT), resulted in Zn traversing
the gill tissue and entering the bloodstream.  Given that MT has a
high affinity for Cu (higher than for Zn) (Hamer, 1986) it is highly

TABLE 2
Ionic and covalent indexes calculated

for Cu, Fe and Zn using the formulae of
Nieboer and Richardson (1980) where
Z represents the formal charge of the

metal, X m the metal-ion electro-
negativity and r the ionic radius.

Ionic index Covalent index
(Z2·r-1) (Xm·r)

Copper 5.4 3.0
Iron 5.1 2.5
Zinc 5.4 2.0
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likely that this was indeed the case.  As a result there is a differential
uptake of Zn and this is evident from the increased plasma Zn
concentrations (Fig. 3).  Spry et al. (1988) and Zia and McDonald
(1994) also observed this phenomenon where Zn concentrations
increased in the plasma but not in the gill tissue, suggesting that Zn
may enter the gill tissue and pass through it. Significant accumulation
of Zn in gill tissue was only seen when fish were exposed to high
Zn concentrations.  This mechanism is most probably the reason
why Zn in gill tissue of rainbow trout did not reflect the intensity
of the external metal concentrations during studies conducted by
Hughes and Flos (1978).  Villegas-Navarro and Villarreal-Treviño
(1989) reported that Zn uptake by the Texas cichlid (Cichlasoma
cyanoguttatum) was greater than the uptake of Pb and Cu.  These
results are confirmed by the low retention of Zn in gill tissue of
minnows (Phoxinus phoxinus) following exposure to water-borne
Cd and Zn (Wicklund-Glynn, 1991).  The results of Spry and Wood
(1988) preclude passive movement of Zn thorough gill tissue into
the bloodstream due to differences in electrochemical and
concentration gradients.  They attributed Zn uptake to morphological
changes in the gill tissue, i.e. proliferation of chloride cells, which
resulted in active Zn uptake via carrier molecules or selective
pores.

Metal uptake into the plasma

Once in the bloodstream, metals are transported by binding to
specific plasma proteins.  Bentley (1991) isolated a serum albumin
in channel catfish (Ictalurus puntatus), which appeared to be
specific for Zn binding.  These findings suggested that a single
protein with steric factors, which influence access to binding sites,
or the involvement of non-sulphydryl, non-electrostatic sites such
as imidazole groups, was responsible for specificity towards Zn
binding.  The presence of such a protein would, therefore, prevent
more competitive metals from competing for binding sites in the
plasma.  Furthermore, this protein maintained physiologically
active “free” Zn at low concentrations despite the high total Zn
concentration in the plasma.  Fletcher and Fletcher (1978) and
Bentley (1991) found that nearly all the Zn bound to plasma
proteins was freely exchangeable.  The presence of such a Zn-
specific protein in the plasma of T. sparrmanii would account for
the drastic Zn increases measured following the first 4 h of
exposure.  The pulsed decreases and increases in Zn concentrations
recorded for the remainder of the exposure period can be attributed
to the freely bound Zn being eliminated or sequestered by different
tissues, i.e. liver.  This depuration mechanism was proposed by
Grobler-Van Heerden et al. (1991) following exposure of
T. sparrmanii to different concentrations of Zn.  These authors
speculated that there was a finite bioconcentration level for Zn and
once this level was reached, elimination of the metal took place.

Iron is bound to the protein transferrin in the plasma (Guyton,
1982), which has a low binding affinity for Cu and Zn (Bentley,
1991).  Studies by Grobler-van Heerden et al. (1991) showed that
T. sparrmanii also concentrated Fe to finite levels before elimination
of the excess metals took place.  Results from this study support the
latter findings and it was particularly interesting to note that the
metal concentration elimination threshold for Fe was much higher
than for Zn.  Increases in Fe during the initial 24 h exposure period
corresponded with increases in red blood cell formation during the
same period (Wepener, 1997).  However, it is unlikely that increased
plasma Fe was related to increased haemoglobin, since all Fe
concentrations were measured in haemolysis-free plasma samples.
It could, therefore, be assumed that increases in plasma Fe
concentrations were due to the uptake of the metal as a result of

increased external concentrations.
The results obtained for Cu concentrations showed marked

decreases in plasma samples during the first 48 h of exposure with
concentrations only increasing above control values following four
weeks of exposure.  Most other studies showed that plasma Cu
concentrations only increased following long-term exposure
(Yamamoto et al., 1977; Stagg and Shuttleworth, 1982).  The rapid
clearance of Cu from plasma during the initial exposure to exogenous
Cu has been reported by Grosell et al. (1997) and Campbell et al.
(1999).  There are two possible explanations for the observed
decreases. Firstly, Cu is loosely bound to the protein ceruloplasmin
in the plasma of fish (Yamamoto et al., 1977).  Due to the
complicated and extensive vascular network in the gill, any blood-
borne metal will be in intimate contact with the gill tissue and
increased Cu concentrations in the gill can, therefore, be attributed
to both exogenous exposures from the environment and endogenous
exposure from the blood.  Noël-Lambot et al. (1978) showed that
exposure of Anguilla anguilla to elevated ambient Cu induced the
production of MT, which is responsible for binding Cu, in gill
tissue.  During the present study the de novo production of MT, or
other metal-binding proteins in gill tissue could have been
responsible for the depuration of loosely bound Cu from
cerloplasmin, thereby reducing the Cu concentrations in the plasma.
Secondly, the highly competitive nature of Cu for binding sites on
the external surface and MT in the gill tissue most probably resulted
in most of the Cu binding to these sites, thereby slowing down Cu
turnover into the bloodstream.  Dethloff et al. (1999) described the
same mechanisms for reduced Cu turnover in rainbow trout
following exposure to a Cu and Zn mixture.  Therefore, Cu
concentrations did not increase in the plasma during the first 48 h
of exposure.  This is supported by the results obtained for Cu
concentrations in the liver tissue (Fig. 4), where Cu concentrations
only increased above normal following 72 h of exposure.  It is also
possible that the rapid changes in Cu stores in the plasma resulted
in a depletion of liver-bound Cu through renal excretion as found
by Grosell et al. (1997) in rainbow trout which were exposed to Cu.

Metal uptake by the liver

The liver is the main organ for metal regulation in mammals and it
appears to have a similar function in fish (Heath, 1987).  Exposure
to metals results in induction of MT production and subsequent
binding of metals to the protein (Hogstrand and Haux, 1991).
According to Brown and Parsons (1978) MT always exists in a
metal-saturated form and, therefore, the formation of MT is a de
novo process.  Since the control group of fish has never been
exposed to metals, the concentrations of Cu, Fe and Zn measured
at time zero are attributed to normal background levels.  These
relatively high metal concentrations, in the absence of metal stress,
can be attributed to the binding of notably Cu and Zn to metal-
binding proteins (MT and other proteins involved in metal
metabolism) in the liver (Krezoski et al., 1988).

The immediate significant decreases of all three metals in the
liver tissue were unexpected since most research showed that metal
exposure leads to increased metal uptake by the liver due to the
formation of MT. See Hodson (1988) and Roesijadi (2000) for
extensive reviews on MT induction by metals.  Most studies deal
with metal concentrations in the liver in conjunction with increased
MT levels and scant attention was paid to liver-metal concentrations
during the initial stages (i.e. pre-MT formation) of exogenous
metal exposure.  Although Olafson (1981) showed that MT levels
reached a plateau within 20 h of exposure to Cd, this reaction to
metal exposure cannot be regarded as a rapidly-acting stress
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response to promote the survival of fish under initial stressful
conditions.

According to Pickering (1993) the stress response can be
regarded as a mechanism that enables fish to avoid or overcome
potentially threatening or harmful situations.  Even though the
response may vary according to different circumstances, there
appears to be a common element in response to all forms of
environmental stress.  This involves the activation of the
sympathetico-chromaffin system to release catecholamines and
the hypothalamic-pituitary-interrenal axis for secretion of
corticosteroid hormones into the circulatory system.  Secretion of
catecholamines is particularly rapid in response to respiratory
stress and promotes the survival of fish by increasing the blood
supply to the gills, increasing the blood-oxygen carrying capacity
and increasing intermediate metabolism to provide a readily
accessible energy supply (Pickering, 1993).  Catecholamines induce
glycogenolysis (Klee et al., 1990), gluconeogenesis (Morata et al.,
1982) and lipid mobilisation (Sheridan, 1987) in the liver of fish.
It is, therefore, highly probable that catecholamines (or other
hormones) are responsible for inducing other adaptive changes in
liver tissue.  Based on this assumption, as well as the observed
significant decreases in liver metal concentrations, it is intriguing
to speculate that internal metal fluxes may have taken place in
reaction to stress-induced secretion of hormones, thereby resulting
in the release of the naturally bound metals in the liver.  These
metals were most probably depurated through bilary excretion into
the intestine and/or renal excretion. Hence, no increases were
observed in the arterial blood.  Grosell et al. (1997) illustrated rapid
changes in Cu stores of the body compartments other than gill tissue
and it is, therefore, possible that similar mechanisms may be
involved in the compartmental distribution of Zn.

This proposed mechanism resulted in significant decreases of
Cu and Zn in the liver of T. sparrmanii after 2 h of exposure to the
metal mixture.  The subsequent increased Zn uptake in the
bloodstream is reflected by increased Zn liver concentrations,
whereas the Cu concentrations remained significantly lower than
those of the control levels.  This is an indication that the ensuing
increased availability of non-MT metal-binding proteins in the
liver resulted in uptake of excess Zn, which entered the bloodstream
through the gill tissue.  Stimulation of Zn uptake by liver tissue
following Cd and Cu exposure was also recorded by Noël-Lambot
et al. (1978) and Buckley et al. (1982).  The increased uptake of Zn
in the presence of other metals can most likely also be attributed to
the proposed stress-response mechanism, which liberates and
depurates metals from metal-binding proteins in the liver, thus
providing available proteins for the binding of excess metals.  This
is most probably an intermediary response mechanism, which
functions until sufficient MT has been produced to bind to the
excess accumulated metals.  However, Zn concentrations did not
increase significantly above the control levels.  This is probably
related to the fact that Zn does not sequester preferentially in the
liver (Sorensen, 1991).  This is supported by studies conducted by
Bradley et al. (1985) who found that hepatic Zn concentrations do
not respond to increased dissolved Zn, even in the presence of Cu.

The fact that Cu concentrations remained lower than control
concentrations for the first 72 h of exposure was probably related
to the disturbance of Cu turnover recorded in the gills and blood-
stream.  Increased Cu concentrations were only recorded after 72
h of exposure, indicating the saturation of gill metal binding sites
in the gill tissue and subsequent Cu uptake into the bloodstream.
The significant decreases in Fe concentrations during the first 6 h
of exposure are attributed to Fe mobilisation for haemoglobin
synthesis. This was demonstrated by Wepener (1997) where

increased red blood cell counts, haematocrit and haemoglobin
concentrations were recorded following exposure of T. sparrmanii
to the same metal mixture.  Iron concentrations in the liver only
increased significantly after 12 h exposure and this is attributed to
excess accumulated iron being stored in the form of ferritin
(Guyton, 1982).  Based on the uptake of Cu and Fe by the liver, it
was clear that the Fe uptake into the bloodstream from the gill
surface was more rapid than the Cu uptake.  Thus, the lower the
affinity of the gill surfaces for a particular metal, the greater the
uptake into the internal environment.

Interaction of individual metals in mixture with tissues

The metals investigated in this study are all essential metals and
therefore they would occur naturally in all the tissues.  The metals
would be subjected to different mechanisms which would ensure
metal homeostasis in the tissues.  The interaction of the individual
metals within the mixture appeared to be antagonistic towards
competition among the elements for transport systems and storage
proteins.  Based on the results of mammalian toxicity studies,
Gawthorne (1987) noted that “the bioavailable fraction of each
element can be regarded as being in balance with that of the other
two, and, therefore, changes in the concentration of one would
distort the metabolism of the others”.  The antagonistic action of the
metals in the mixture on uptake and tissue distribution of the
individual metals was further supported by the results from the
physiological endpoints that were recorded in conjunction with the
metal analysis in tissues reported in this paper. Wepener (1997)
demonstrated that physiological disturbances (viz. osmoregulation
and acid-base balance) were more pronounced following exposure
to single metals than exposure to mixtures of the individual metals.

Ecological relevance of uptake bioassay

The exposure concentrations used in the bioassays were based on
actual measured concentrations in water samples from the Olifants
River (Kruger National Park).  The concentrations were expressed
as total metal concentrations and, as such, cannot be compared to
the existing South African Water Quality Guidelines (DWAF
1996).  However, Wepener et al. (2000) reported that dissolved Cu
and Zn concentrations in the Olifants River were comparable to
concentrations reported for large metal contaminated rivers.  The
reported dissolved concentrations in the Olifants River exceeded
the safety levels prescribed by the Water Quality Guidelines.

This study showed that the relatively short-term exposure
(maximum up to 28 d) of fish to the metal mixture did not result in
significant bioaccumulation, with only significantly higher Cu
concentrations in gill tissue and Zn in plasma when compared to the
control levels.  When comparing the bioassay bioaccumulation
results to actual metal bioaccumulation in tilapia (Oreochromis
mossambicus) from the Olifants River (Table 3) it was evident that
metal concentrations were all within the same range.  When
comparing the Cu concentrations in the livers of O. mossambicus
from the metal-contaminated Olifants River to the higher Cu
concentrations in the uncontaminated control livers of T. sparrmanii
it clearly demonstrates metal level differences between species.
The higher Fe concentrations in the field samples were due to the
metals being measured in whole blood as opposed to plasma in the
bioassays.  The bioaccumulation of Zn was greater in the field
samples from the Olifants River than in the bioassay tissues.  This
cautions against the use of bioassays to predict environmental
tissue concentrations.  This is due to the fact that it is not possible
to experimentally simulate the complex physical and chemical
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conditions that affect bioaccumulation in the natural environment.
The value of bioassay-based bioaccumulation experiments lies in
the information that it provides to understand mechanisms of metal
uptake and distribution.

Conclusions

Gill tissue in banded tilapia is the initial site of accumulation of
water-borne metals.  Although the fish were exposed to a metal
mixture, the interactions between metals and the external gill
surface, as well as the subsequent uptake rate, were associated with
the particular chemical properties of individual metals.  The
tendency of the individual metals in the metal mixture to bind to the
external gill surface via ionic bonds, and to gill cytosolic compounds
via covalent bonds, was Cu > Fe > Zn.  The ensuing uptake rates into
the extracellular compartment (blood) and intracellular compartment
(liver tissue) were Zn > Fe > Cu.  The toxic effects of Cu and Fe
were, therefore, primarily exerted on the gill surface and in the gill
cytosol, whereas the toxic action of Zn was limited primarily to the
internal organs.

It is acknowledged that much of the mechanistic interpretation
is speculative and is based on published information available on
the actions of individual metals.  This study has highlighted the
importance of distinguishing between the accumulation of
exogenous metal sources and the changes in tissue concentrations
due to endogenous metal shifts.  Understanding and clarifying the
mechanisms involved in uptake and interactions among the different
metals in a mixture could be accomplished by using radioactive
metals for exposure experiments.
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