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EXECUTIVE SUMMARY

1. Background and motivation

Many countries, including South Africa, have adopted an integrated management
approach, that includes chemical and biological methods, to address toxic and non-
conventional pollutants in the aquatic environment (Slabbed etal., 1998a,b). Overthe
past 20 years, a range of biological tests measuring the effects of toxicants under
controlled laboratory conditions have been established for South African use (Slabbert
et at., 1998a). Most of the tests are rapid/short-term tests, aimed at the detection of
acute toxicity. Very little attention has so far been given to the use of sub-lethal toxicity
tests that can be used alongside acute tests to obtain information on long-term effects
of low levels of chemicals on aquatic organisms. Sub-lethal toxicity tests are important
management tools when the toxicity of effluents is low and are indispensable to
manage ambient water quality.

Traditionally, full life-cycle tests or shorter tests of about 30 days, known as early life-
stage tests, are used to establish sub-lethal toxicity in the aquatic environment.
Because such tests are labour intensive and expensive, most countries have shortened
the duration of the tests to 7 to 10 days, focusing on the most sensitive life-cycle
stages. These tests are known as short-term chronic tests (Slabbert et ai, 1998a; US
EPA, 1991), and the primary endpoints are growth and reproduction. Examples of
short-term chronic tests applied in the USA (Slabbert et ai, 1998a) for fresh water
testing include: a 7-day fish (Pimephaies promelas) larval growth/survival test; a 7-day
invertebrate (Ceriodaphnia dubia) reproduction/survival test; and a 96-h algal
(Selenastrum capricornutum Printz) growth test.

In recent years, considerable attention has been given to the establishment of even
more rapid measures of sub-lethal toxicity. A fascinating new approach is the use of
biomarker assays that provides measures of the biochemical/molecular mechanisms
underlying toxicity. These assays have been derived from mammalian medicine and
allow for the rapid assessment of organism health (usually hours to a few days).

A biomarker may be biological material ranging from bio-molecules such as nucleic
acids and proteins (e.g. enzymes) to organelles, cells, tissues, organs and whole
organisms (Appendix A). Biomarkers indicating damage caused at the
biochemical/molecular level in a cell have rapid response times and are highly sensitive.
These biomarkers are currently the most applied in aquatic biomarker studies.
Biomarkers of growth and reproductive responses are of high biological and ecological
significance, but exhibit relatively low sensitivity to stress. Manifestations of stress at
the tissue level represent an intermediate effect between the biochemical and
reproductive levels. Histological changes occur earlier than reproductive changes and
have been shown to be more sensitive than growth or reproductive measures, and as
an integrative parameter, provides a better evaluation of organism health than a single
biochemical marker.

Biomarkers can be used as indicators of exposure and effect, and can be categorised
as non-specific and specific (Mayer etal., 1992). Some of the non-specific biomarkers,
e.g. ribonucleic acid/deoxyribonucleic acid, radiolabelled amino acid or nucleotide



incorporation, and adenylate energy charge, give direct information on the growth rate
or potential of an organism. These biomarkers cannot be used to identify the specific
toxicant causing the effect. There are two types of specific indicators of stress, namely
organ- and toxicant specific. Organ-specific biomarkers include organ specific enzymes
and iso-enzymes, and often depend on the detection of enzymes at increased
concentrations in organs. These enzymes appear in blood when organs are damaged
and indicate the presence and extent of damage. Examples include lactate
dehydrogenase (LDH), transaminases, creatine phosphokinase, lysosomal enzymes,
alkaline phosphatases and mixed function oxidase (Mayer et a/.. 1992; Gagne and
Blaise, 1993). Toxicant-specific biomarkers indicate the exposure and effects due to a
single chemical or group of chemicals, e.g. inhibition of acetylcholinesterase(AChE)by
organophosphates and inhibition of cytochrome P monooxygenase, methallothionein
and metal binding proteins by metals.

Since biomarkers measure events along the entire metabolic pathway during exposure
to a chemical, and since the toxic effect on organisms is secondary to change inside
cells, biomarkers hold promise for higher sensitivity and earlier detection of toxicants
than the traditional assays measuring acute toxicity. Biomarkers can act as early
warning signals of imminent, irreversible, permanent damage to an organism
(Depledge, 1993).

2. Objectives

This project was carried out to establish biomarker assays, as rapid alternative
measures to the more tedious growth and reproduction measures used in chronic
toxicity tests, to detect sub-lethal toxicity in the South African aquatic environment.

The objectives of the project were:

1) To establish biological techniques to detect sub-lethal toxicity in the aquatic
environment, and

2) To produce an operational manual on the established methodologies.

The focus of the project was on using biomarkers as sub-lethal endpoints in a
laboratory fish test employing tilapia (Oreochromis mossambicus), to complement the
acute (lethality) tilapia test developed for local use (Slabbert et a/., 1999). Since
juveniles are much more sensitive than adult organisms, the aim was to use the
youngest possible juvenile fish in the laboratory test. Once the biomarker assays were
established for laboratory use, it was planned to apply the assays to tilapia and other
organisms collected from selected field sites to evaluate their applicability for field use.
The study was not aimed at extrapolating the laboratory results to the field data, but
rather to establish two options (laboratory and field) for biomarker application.

3. Methodology

Assays for the following biomarkers were established and optimised: protein; AChE;
ethoxyresorufin-O-deethylase (EROD); glucose; glycogen; delta-aminovulinic acid
dehydratase(ALA-D); LDH; glucose-6-phosphate-dehydrogenase(G-6-P-DH); pyruvate



kinase (PK); heat shock protein (Hsp 70) and osmotic ion analyses. Published
protocols were followed. Where possible, techniques were miniaturised {microplate
assays) or test kits were used.

The biomarker assays were applied in laboratory and field studies. The indigenous fish
species O. mossambicus was selected as test organism. A preliminary evaluation
using unexposed (control) fish indicated that 1 to 1.5 cm (2 to 4 week old) fish were the
most suitable for use in laboratory tests with reference to detectability of biomarker
activity, smaller variation, ease of use, small sample volumes and expected higher
sensitivity. Laboratory fish were maintained and bred according to well-established
protocols. Laboratory studies were carried out following static acute fish test protocols.
Biomarker activity was evaluated in the laboratory by exposing 30 fish per container
(single exposures) or 60 fish divided over 3 containers (triplicate exposures) to various
concentrations of selected chemicals [cadmium, zinc, pentachlorophenol (PCP) and
cyanide] using exposure periods of 8, 24 and 96 h. Selected biomarker assays were
carried out on the supernatant of the homogenised fish. Assays were carried out in
triplicate, which allowed the calculation of means and coefficients of variation (CVs).
All the biomarker results, except Hsp 70, were expressed in terms of fish weight. Hsp
70 was expressed in terms of protein. The percentage fish lethality and biomarker
induction/inhibition was calculated by comparing test and control results. The Rust de
Winter Dam was selected as reference site, and the Loskop and Hartbeespoort Dams
as test sites for field studies. Two field surveys were carried out, one in summer and the
other in winter. Where possible, 20 fish (including males and females) were caught.
Biomarker assays (single) were carried out on the blood (whole blood, plasma and
erythrocytes), brain and liver of the fish. Biomarker results were expressed in terms of
protein.

An analysis of variance (Student's t-test) was applied to laboratory biomarker data to
establish whether or not results differed significantly at the P<0.05 level. This allowed
the derivation of the toxicity end point referred to as a LOEC (lowest of consecutive test
concentrations at which biomarker activity was significantly different from that of the
control). Where possible, regression analysis (linear regression) was performed on
exposure data (concentration-response curves) to establish EC2Us (the concentration
causing a 20% induction or inhibition in biomarker activity). A two-way analysis of
variance (ANOVA) and Dunnett's test were applied to field data to determine significant
differences between localities and seasons. The significance level was set at P<0.05.
Student' t-test was applied (p<0.05) to compare fish weights and lengths.

4. Summary of major results

4.1 Laboratory studies

The control results showed that, although values were low, all the biomarkers were
present at measurable levels in the fish homogenate. The results obtained during
single exposures were as follows: protein: 0.0166 to 0.0613 mg/mg fish; AChE
(microplate assay): 0.0003 to 0.0041 abs/min/mg fish; AChE (test kit) (0.0003 to 0.0140
UiVmg fish; glucose: 0.0017 to 0.0044 mg/mg fish; EROD: 0.0699 to 0.3605 nM/min/mg
fish; PK: 0.0201 to 0.6691 mU/mE/mg fish: LDH: 0.0011 to 0.0120 U/f/mg fish;
G-6-P-DH: 0.0562 to 4.6738 mlWmg fish: Hsp 70 (WITS): 7.80 to 122.01 mm2/20 ug
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protein; and Hsp 70 (RAU): 2 137 to 10 252 relative intensity/15 ug protein. The
control values obtained during triplicate exposures were within the above ranges,
except in the case of Hsp 70 (RAU), where values were considerably higher (6 238 to
15 685 relative intensity/15 ug protein.

A cohsiderable fluctuation was noticed in the control biomarker values (mean of
triplicate assays) of different single exposures. This was possibly because offspring of
different weights and sizes (18 to 28 days old) were used in experiments while a fixed
volume of buffer was used for homogenization. Glucose, protein, Hsp70 and EROD
results exhibited the smallest fluctuation, and PK, AChE (test kit) and G-6-P-DH the
largest fluctuation. When triplicate exposures were carried out, the fluctuation between
the results of triplicate assays were much smaller, probably because the age of the fish
used in these studies ranged between 21 and 24 days, reducing differences in weight
and size.

Large inter-assay variations (triplicate assays) were noticed in the control results of
single exposures in the case of: G-6-P-DH (14 to 72%), protein (0 to 92%), PK (5 to
98%), AChE (test kit) (2 to 109%) and LDH (2 to 110%). The best repeatability was
obtained with the Hsp 70 (RAU) (CV: 5 to 28%) and glucose (CV: 0 to 32%) assays.
With the exception of EROD, with CVs ranging from 8 to 102%, the inter-assay
variation of triplicate exposures was much smaller (CVs: <50%) than the inter-assay
variation of single exposures. The inter-experimental variation of triplicate exposures
(triplicate data sets) of EROD and PK was >50% in some instances. With a few
exceptions (mostly test kit data), most of the control CVs were in agreement with
published values for fish homogenates.

In general, control lethalities were below 10% (detection limit for acute toxicity). A large
lethality occurred in the control fish of the 96-h zinc exposure study (53%), which could
have influenced biomarker activity. Lethality also occurred at some of the upper test
concentrations during cadmium and zinc exposure studies. Oxygen concentrations in
test and control containers during cyanide exposure studies were below the limit
required for the sustenance of aquatic life (2.4 to 2.7 mg/f), which could have influenced
biomarker results.

The exposure studies showed that biomarkers were affected by the test chemicals.
Biomarkers were induced or inhibited. Although large effects were observed in some
instances, effects were not always significant because of the large variation between
replicate results. The results of replicate experiments (PCP and cyanide) were often
inconsistent. Test concentrations showing significant biomarker induction in one
experiment did not affect the biomarkers in the other experiment or vice versa. This
could be attributed to variability in the sensitivity of test fish or to large variations
between replicate results, rendering test results not significantly different from control
results.

Protein was significantly affected by PCP (inhibition) and cyanide (induction) during
24 h exposure, and by cadmium (inhibition) during 8 h exposure. AChE was
significantly affected (induction or inhibition) by all the chemicals during the shorter
exposure periods (8 and 24 h), while only PCP affected (induction) AChE during 96 h
exposure. Glucose was significantly affected (induction and inhibition) by cadmium
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during 8 h exposure, by cyanide (induction) during 24 h exposure, and by zinc
(inhibition) and PCP (induction) during 96 h exposure. EROD was significantly affected
by cadmium (induction) during 8 and 96 h exposure, by zinc (induction and inhibition)

and cyanide (induction) during 24 h exposure and by PCP (induction) during 96 h
exposure. LDH was significantly inhibited by zinc during 96 h exposure and significantly
induced by PCP during 24 and 96 h exposure. Hsp 70 displayed significant responses
to cadmium (induction and inhibition) during 96 h exposure, to zinc (inhibition) during
96 h exposure, and to cyanide (induction) during 24 h exposure. PK was significantly
induced by cyanide during 24 h exposure, while G-6-P-DH did not exhibit significant
responses. In general, the effects exhibited during single and triplicate cadmium
exposures were similar.

A comparison with data in literature, showed that some results were in agreement with
published data, while other results differed from published data.

Results showed that concentrations of cadmium and zinc that exhibited significant
biomarker responses during 8 and 24 h exposure, caused lethality during the 96 h
exposure. The biomarkers thus acted as early warning signals for acute toxicity. The
significant responses detected during 96 h exposure, generally occurred at lethal
concentrations. PCP caused significant biomarker responses at sub-lethal
concentrations during 24 and 96 h exposure, resulting in a 10 to 60 times enhancement
of sensitivity upon longer exposure in some instances. As in the case of metals and
PCP, cyanide exhibited significant biomarker responses at sub-lethal concentrations
during 24 h exposure.

In general, no significant concentration-response functions were observed after 24 and
96 h exposure. Curves either showed an upward-downward or a downward-upward
trend at increasing concentrations, or reached plateaus parallel to the x-axis.
Significant linear fits were, however, obtained for all the biomarkers during 8 h exposure
to cadmium. AChE, glucose, EROD and Hsp 70 showed elevated activity at higher
concentrations, while protein levels decreased.

The following toxicity endpoints were derived for the different chemicals:

Chemical

Cadmium

Zinc

PCP

Cyanide

End point

8-h LOEC

8-h ECJO

24-h LOEC
96-h LOEC
24-h LOEC
96-h LOEC
24-h LOEC

96-h LOEC

24-h LOEC

Biomarker
Protein: 0.4 mg/f; AChE: 0.2 mg/f; glucose: <0.05 mg/f;
EROD: 0.2 mg/E
Protein: 0.0886 mg/f; AChE: 0.0596 mg/E; glucose 0.2128 mg/E; EROD:
0.0825 mg/E; Hsp 70: 0.2818 mg/E
AChE: 0.0220 mg/E
EROD: 0.0125 mg/f; Hsp 70: 0.0125 mg/E
AChE: 0.5 mg/E; EROD: 1.0 mg/f
Glucose: <0 125 mg/£. LDH: <0.125 mg/f; Hsp 70: 0.5 mg/E
AChE: 0.08 mg/E; LDH: 0.08 mg/E
AChE: 0.005 mg/E; glucose: 0.01 mg/E; EROD: <0.00125 mg/E: LDH:
<0.00125 mg/f
Protein: <0.0625 mg/E AChE <0 0625 mg/E; glucose: 0.25 mg/E;
EROD: <0.25 mg/E; PK: <0.0625 mg/E; Hsp 70: <0.0625 mq/f



The 8-h LOECs of protein, AChE, EROD and Hsp 70 were between two to four times
higher than the calculated EC2.,s, while the LOEC of glucose was approximately four
times lower than the EC20. The endpoints different because a fixed variation of 20% was
used for the EC2P while the actual variations of test and control data used for the
analysis of variation (LOECs) were higher or lower. In some instances shorter
exposure periods resulted in lower LOECs while in other instances LOECs were lower
during longer exposure.

4.2 Field studies

In general, the lengths and weights of fish collected from the different dams differed
significantly. Fish collected from the Hartbeespoort Dam in summerwere small (mean
weight: 0.36 kg; mean length: 24.9 cm) compared to the fish collected in winter, and
from the other dams (mean weight: 0.90 to 1.71; mean length: 35.8 to 41.4 cm). Most of
the fish collected in summer were female, while numbers were more equally distributed
during winter sampling.

Protein levels were the highest in erythrocytes, followed in order of magnitude by whole
blood, blood plasma and liver. The erythrocyte protein in replicate fish showed the least
variation (CVs: 15 to 30%). Large variations occurred between the results obtained for
whole blood, blood plasma and liver protein (CV: whole blood -18 to 52%; erythrocytes
- 5 to 85%; liver - 25 to 52%). Protein in fish homogenates were between 10 to 50
times lower than the protein levels in whole blood, between 5 to 25 times lower than the
protein levels in blood plasma and between 3 to 20 times lower than the protein in liver.

Large variations occurred between some of the replicate biomarker results of fish
collected at the reference (control) site (Rust de Winter Dam). The CVs for the different
biomarkers were as follows: ALA-D: 47 to 52%; AChE (erythrocytes): 54 to 121%;
AChE (brain): 22 to 51%; glucose: 34 to 54%; LDH (plasma): 97 to 119%; LDH (liver):
95 to 98%; calcium: 14 to 27%; potassium: 12 to 25%; sodium: 4 to 5%; EROD: 33 to
54%; G-6-P-DH: 170 to 219%; glycogen: 32 to 112% and PK: 138 to 164%. A
considerable number of fish collected from the dams showed an absence of LDH,
G-6-P-DH and PK activity.

All the biomarkers, except the AChE in erythrocytes, showed positive results on one or
more of the sampling occasions. The effects of test sites on G-6-P-DH could not be
determined because of the large variability in results. Induction as well as inhibition
occurred. Results were generally in agreement with those found in literature. Since
chemical analyses were not carried out, effects could not be attributed to specific
toxicants. Seasonal changes (temperature, pH, oxygen concentration) and other
stressors, e.g. availability of food and handling, could also have affected biomarker
activity.

5. Conclusions

• In broad terms, the objectives of the project, namely 1) to establish biological
techniques to detect sub-lethal toxicity in the aquatic environment, and 2) to
produce an operational manual on the established methodologies, were met.
However, certain issues, discussed below, were not adequately addressed.
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Some of the biomarker assays were successfully applied to the homogenates of
2 to 4 week old tilapia (O. mossambicus) used in laboratory toxicity tests, as well
as to the organs of tilapia collected from the field.

Although whole fish homogenates contained low levels of the studied
biomarkers as a result of the dilution of enzyme levels in organs, the levels were
sufficiently high to detect induction and inhibition in exposed laboratory fish.

The biomarker assay protocols were relatively easily established in the
participating laboratories, because well-established, published methodologies
were used. The miniaturisation of some of the methods improved assays in
terms of rapidity (small sample volumes and large numbers of samples),
simplicity and cost. However, some of the tests, especially the test kits,
appeared to be incompatible with whole fish homogenates, showing large
variation in some instances.

The inter-assay and inter-experimental variation in laboratory and field studies
were very high for some of the biomarkers. Operational manipulation (sample
preparation and assaying) and test method limitation (tissue compatibility)
appeared to be the most likely causes of the variation. Sample storage played a
minor role.

Apart from operational manipulation and test method limitation, factors such as
handling stress and the development stage of the fish could have contributed to
the variation in biomarker values of field studies. It is therefore important to
minimise stress and select fish of similar size/age when conducting field
surveys.

Although there was some degree of inconsistency in the results of laboratory
exposure studies, sufficient evidence was obtained that biomarkers could be
applied as sub-lethal measures of toxic activity in laboratory toxicity tests.

The limited number of offspring obtained for titapia maintained in the laboratory
and the inconsistency in reproduction was a major constraint. As a result

s elaborate experimental designs were not possible;
S experiments were not repeated a sufficient number of times;
s experiments were not carried out in replicate;
s wide concentration ranges were not examined; and
s a range of chemicals were not tested.

Consequently, the sub-lethal test using biomarkers as endpoints was not
sufficiently validated to enable informed decisions on its potential as a routine
laboratory test.

At this stage the sub-lethal test protocols, outlined in the Operational Manual
(Venter et a/., 2003) is only applicable for qualitative studies. Protocols were
optimised, but extensive testing/evaluation is required before the methods can
be standardised for specific applications.
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• Although the biomarkers were not applied to other test organisms in the field
(e.g. worms, snails) as was initially envisaged, the established biomarker assays
should be applicable to other organisms, including other fish, with little or no
method modification.

• The concept of using a multi-organisational team seemed like a good idea to
build capacity and transfer knowledge. However, this resulted in large delays in
the execution of experiments. The use of students that came and went, instead
of well-trained technicians, resulted in large inter-assay and inter-experimental
variation which could not be remedied.

6. Recommendations

• The use of replicate sets of fish and replicate assays in laboratory exposure
studies is recommended, to reduce experimental and assay variability.
Replicate assays should also be carried out on fish of field studies to improve
variability.

• It is also recommended to use well-trained operators to conduct biomarker
assays and to follow quality assurance protocols and practices to ensure low
variability.

• Because of the large differences in the control variation of the different
biomarkers studied, and because no clear concentration-response functions
were identified for most of the laboratory results, the use of a fixed endpointsuch
as an EC10oran EC^0 is not recommended. The LOEC, derived by means of an
analysis of variance, proved to be a more appropriate sub-lethal toxicity
endpoint.

• Based on the data obtained for different exposure periods, it is recommended
that the sub-lethal fish toxicity test is carried out over 96 h. Any effects on
biomarkers due to handling and stress manifested during the shorter exposure
periods should have subsided after 96 h.

• The results of 8 and 24 h tests indicated that certain biomarkers can serve as
early warning signals for acute toxicity. It is recommended that further studies
are carried out (organism/cellular/sub-cellular level) to exploit the potential of
biomarkers as rapid screening tests.

• Based on a combination of features such as sensitivity, selectivity, simplicity,
repeatability and rapidity, the following biomarker assays are recommended for
the detection of sub-lethal responses in the 96 h laboratory toxicity test: Protein
(micro Bradford method), AChE (microplate assay), glucose, EROD, PK, LDH
and Hsp 70. ALA-D (whole blood), AChE (microplate assay) (erythrocytes and
brain), glucose (plasma), glycogen (liver), LDH (plasma and liver), EROD (liver),
osmotic ions (plasma) and Hsp 70 are recommended for field use. The Hsp 70
assay is the most complex and time consuming of the assays. All the assays
require relatively expensive equipment (e.g. spectrophotometers). The
biomarkers should be used in battery form to allow for optimal detection of

viii



harmful pollutants. The test protocols are outlined in the Operational Manual
(Venter ef a/., 2003).

The AChE microplate assay is preferred to the AChE test kit because of higher
reproducibility, less fluctuation and more reliable data calculation. Likewise, the
micro Bradford method (micro method) is preferred to the macro method
because of rapidity and less variability.

The G-6-P-DH assay is not recommended for use because it requires large
sample volumes and produces unreliable and highly variable results. PK is not
recommended for field use because of high variability and because its potential
as an in situ marker is questioned by other researchers.

It is recommended that fish weight is used to express biomarker activity in the
laboratory toxicity test, instead of protein, because of smaller variation and
fluctuation in results, and because protein acted as biomarker.

A specific volume of buffer was added to a certain number of ftsh for
homogenation. Because weight increases with age, this approach resulted in
considerable fluctuation in laboratory control (unexposed fish) values. It is,
therefore, recommended to base the volume of buffer on weight rather than on
the number offish.

The established biomarkers should be used to complement fish lethality data
and not to substitute chronic measurements such as growth and reproduction.
Likewise, the biomarker approach is not a replacement for conventional field
assessments, but a supplementary tool with great ecological relevance.

Limited fish numbers is a major concern regarding the success ofthis fish as test
organism in acute and sub-lethal toxicity tests. National breeding facilities
should be established to ensure a consistent and healthy supply of the fish.
In addition, other fish species, with the potential to regularly provide large
numbers of offspring, should be investigated as test organisms.

Tilapia were present in large numbers in the dams studied. This might not be
the case in other environments. Before studying biomarkers in organisms in the
field, their abundance should be established to ensure sufficient replicates.

Since biomarkers have been proven to be useful measures of sub-lethal
stresses, it is recommended that additional biomarkers, including
metallothioneins, are investigated for application in laboratory and field studies.

The present laboratory study was only conducted on individual chemicals. It is
recommended that the study be extended to environmental samples (drinking
water, effluents, sediments, etc) to evaluate the applicability of the biomarkers
with reference to complex chemical mixtures.

As the biomarker techniques are becoming more established for aquatic studies,
more countries are applying such measures in continuous monitoring
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programmes. This approach should also be valuable for our National Toxicants
Monitoring Programme that is currently being developed. Molluscs have been
found excellent test organisms in such studies. It is, therefore, recommended
that funds are invested in the establishment of an in situ biomarker test using a
local mollusc.

7. Technology transfer

Training in fish culturing and biomarker application was provided at some stage during
the project to a number of students: Ms F Buthane; Mr J Senyane; Ms N Ngwegwane;
Ms A Joubert; Ms A Vorster; Mr L Damelin; and Ms I Barnhoorn.

The results were used in two M.Sc. studies:

Joubert, A. (2000) Evaluation of biomarkers for pollution in Oreochromis mossambicus:
A laboratory and field study. M.Sc. Thesis, RAU, 116 pp.

Vorster, A. (2000) Evaluation of selected enzymes and osmotic ions as biomarkers for
detecting pollution in the aquatic environment. M.Sc. Thesis, RAU, 112 pp.

The results obtained during the project were presented at several
conferences/symposia:

Joubert, A., Venter, E.A., Slabbed, J.L., Vorster, A., Van Vuren, J.H.J. and De Wet, L.
(1999) Preliminary evaluation of biomarkers for the detection of chronic toxicity in
Oreochromis mossambicus. Poster presented at the 9th International Symposium on
Toxicity Assessment, held in Pretoria from 26 September to 1 October.

Joubert, A., Venter, E.A. and Slabbed, J.L. (1999) Evaluasie van biomerkers virdie
bepaling van chroniese toksisiteit in die vis, Oreochromis mossambicus. Poster
presented at the South African Academy of Science and Art - Biology Division Annual
Congress, 15 to 16 September. The abstract was published in Die Suid-Afrikaanse
Tydskrif vir Natuurwetenskap en Tegnologie, 19, June 2000.

Vorster, A. and van Vuren, J.H.J. (1999) Biomarker assays for the detection of chronic
toxicity in the aquatic environment. Poster presented at the 9th International Symposium
on Toxicity Assessment, held in Pretoria from 26 September to 1 October.

Vorster, A. and van Vuren, J.H.J. (1999) Biomerkers en die bepaling van chroniese
toksisiteit in die akwatiese omgewing. Poster presented at the South African Academy
of Science and Art - Biology Division Annual Congress, 15 to 16 September. The
abstract was published in Die Suid-Afrikaanse Tydskrif vir Natuurwetenskap en
Tegnologie, 19, June 2000.

Slabbed, J.L., Venter, E.A., Joubed, A., Vorster, A., van Vuren, J.H.J., De Wet, L,
Barnhoorn, I. and Damelin, I. (2001) Evaluation of biomarker assays for the detection
of sub-lethal toxicity in fish. Oral paper presented at the 10th International Symposium
on Toxicity Assessment, held in Quebec City, Canada from 26 to 31 August.



The biomarker assays and results were also addressed in different courses:

Venter, E.A. and Slabbert, J.L. (1999; 2000; 2001) Standard laboratory organisms in
aquatic toxicology. Presentation at Rhodes University, Grahamstown.

Slabbert, J.L. (1999; 2000; 2001) Aquatic toxicology and toxicity testing.
Presentations to B.Sc. Hon. students at RAU.

Practical training courses in the different biomarker assays are planned by CSIR. It is
envisaged that training will start in 2002.
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1. INTRODUCTION

Biological and ecological responses to toxic chemicals may range from changes at the
molecular level, where genetic integrity and sub cellular processes are affected, to
changes at population and community levels, where dynamics and structures of entire
food chains are influenced.

Many countries, including South Africa, have adopted an integrated management
approach, which includes chemical and biological methods, to address toxic and non-
conventional pollutants in the aquatic environment (Slabbed et a/., 1998a,b). Over the
past 20 years, a range of biological tests measuring the effects of toxicants under
controlled laboratory conditions have been established for South African use (Slabbed
et ai, 1998a). Most of the tests are rapid/short-term tests, aimed at the detection of
acute toxicity. Not much attention has thus far been given to the establishment of sub-
lethal aquatic toxicity tests that can provide information on long-term effects of low
chemical concentrations. Sub-lethal toxicity tests are important management tools when
the toxicity of effluents is low, and are indispensable to manage ambient water quality.

Traditionally, long-term effects in the aquatic environment is either measured in full life-
cycle tests or in shorter tests of about 30 days, known as early life-stage tests. Because
life-cycle tests are laborious and expensive, most countries have shortened the duration
of the tests to 7 to 10 days, focussing on the most sensitive life-cycle stages. Such tests
are known as short-term chronic tests (Slabbed etal., 1998a; US EPA, 1991) and the
primary endpoints are growth and reproduction. Examples of standardised short-term
chronic tests applied in the USA (Slabbed et at., 1998a) for fresh water testing include:
a 7-day fish (Pimephales promelas) larval growth/survival test; a 7-day invedebrate
(Ceriodaphnia dubia) reproduction/survival test; and a 96-h algal {Selenastrum
capricornutum Printz) growth test.

Biomarker studies on a wide range of aquatic organisms have shown that biochemical
and molecular responses provide rapid and sensitive measures of sub-lethal toxicity.
The biomarker assays used in aquatic studies have been derived from mammalian
medicine, and allow for the rapid assessment of organism health. The same biomarkers
used in field applications can also be employed to monitor chemical effects under
controlled laboratory conditions. More information on biomarkers and their applications
can be obtained in Chapter 2 of this repod and in the extensive literature study in
Appendix A. Since biomarkers measure events along the entire metabolic pathway
during exposure to a chemical, and the toxic effect on organisms is secondary to
change inside cells, biomarkers hold promise for the earlier detection of toxicants, and
at lower levels, than the traditional assays measuring acute toxicity. Biomarkers can
potentially be used to determine to what degree an organism is affected (i.e. is recovery
possible or will organism die?) and can act as an early warning signal of imminent,
irreversible and permanent damage to the organism (Depledge, 1993).

The need for toxicity tests that reflect the effects of sub-lethal concentrations of
chemicals on aquatic organisms in the South African water environment, and promising
attributes of biomarkers as sub-lethal endpoints, prompted this investigation into the
potential of biomarkers as rapid alternative measures to the more tedious growth and
reproduction measures used for the detection of sub-lethal toxicity. The objectives of
the project were:



1) To establish biological techniques to detect sub-lethal toxicity in the aquatic
environment, and

2) To produce an operational manual on the established methodologies.

The emphasis of the project was on using biomarkers as sub-lethal endpoints in a
laboratory fish test employing the indigenous fish species Oreochromis mossambicus
(tiiapia), to complement the acute (96-h lethality) tiiapia toxicity test developed for local
use (Slabbed et ai., 1999). Tiiapia has been successfully cultured and maintained in
captivity and is easy to work with. The fish is of academic importance as it has been
used by various local laboratories to study the acute effect of chemical pollutants. In
addition, the fish has already been used successfully in biomarker studies (Chapter2).
Since young organisms are often more sensitive to toxicants than adults (Siabbert et ai.,
1998a,b), it was decided to use young juvenile fish in the sub-lethal fish test. It was also
planned to apply the biomarker assays established for the laboratory fish test to tiiapia
and other organisms collected from selected field sites to evaluate their potential for in
situ testing. The study was not aimed at extrapolating the laboratory results to the field
data, but rather to establish two options (laboratory and field) for biomarker application.

Four organisations, namely Environmentek, CSIR, Pretoria; Waterlab Research,
Pretoria; the Department of Zoology, Rand Afrikaans University (RAU); and the
Department of Molecular and Cell Biology, University of the Witwatersrand (WITS,
participated in the project. The various institutions were involved in the project to utilise
the existing knowledge in fish culturing, fish sampling, toxicity testing and biomarker
application, and to facilitate the rapid establishment of the technologies. Since the
project required close collaboration, it provided an opportunity to establish how well
different groups could cooperate. Senior staff members were involved in an advisory
and mentoring capacity, while students developed/established and applied the various
laboratory and field techniques. It was the intention to involve students and staff from
previously disadvantaged institutions in the project. Recruitment of suitable students
was, however, difficult.

An extensive literature study on existing biomarker assays, compiled by Environmentek,
CSIR (Appendix A), was used to select suitable techniques to establish in the different
laboratories. Each laboratory was required to select at least two biomarkers. The
emphasis was placed on rapid and sensitive biochemical biomarker assays. The
different biomarkers selected for the study and their attributes are discussed in the
literature review in Chapter 2 and in Appendix A. The literature on biomarkers was
continuously updated during the course of the study using reputable environmental
toxicological journals and web-based literature searches. The use of O. mossambicus
in biomarker studies and attributes as test organism are highlighted in Chapter 2 and in
Appendix A. Fish were cultured at RAU and CSIR. Depending on fish availability,
laboratory studies were carried out at either RAU or CSIR. Upon completion of an
experiment, fish samples were shipped to each laboratory for biomarker assaying. Fish
maintenance and test protocols are summarised in Chapter 3 of the report.

Laboratory exposure studies were preceded by biomarker assay and tissue preparation
technique verification and optimisation. Juveniles of different ages were used to select
a suitable fish size for the exposure studies. The effect of variables such as operator
manipulation, sample storage time and sample containers on biomarker results were



also investigated. The findings of the evaluation are presented in Chapter4. Optimised
protocols are summarised in Chapter 3. A number of toxicants were used during
laboratory exposure studies to evaluate the sensitivity and applicability of the
established biomarker assays. Various exposure periods were used to establish the
effect of exposure time on biomarker sensitivity. The toxicants selected for exposure
studies and potential effects of these toxicants on biomarkers are discussed in Chapter
2 and Appendix A. The experimental design and data analysis of the exposure studies
and the results are, respectively, addressed in Chapters 3 and 4 of the report.

Individuals at the Institute for Water Quality Studies (IWQS), Department of Water
Affairs and Forestry (DWA&F) were consulted to identify suitable areas forfield studies.
It was envisaged to select a control area (unpolluted) and polluted areas. The polluted
areas could be single areas in different aquatic environments or a river system with
different sources of pollution. Due to a number of factors (drought, fluids, availability of
equipment), dams routinely monitored by RAU, were ultimately selected for the field
study (Chapter 3). The application of the assays to other organisms was omitted from
the study because of time and manpower constraints, and because molluscs/worms
were not present in appropriate numbers at the selected sites. Students from RAU and
CSIR conducted the field study. Two surveys, one in summer and another in winter,
were carried out. The different organs were sampled and prepared on site and shipped
on ice to the participating laboratories. Sample preparation protocols and data analysis
are outlined in Chapter 3 of the report and the results are discussed in Chapter 4.

The conclusions and recommendations of the study are presented in Chapter 5 and
the references are listed in Chapter 6.

The established protocols are compiled in a separate document, the Operational
Manual (Venter et a/., 2003). It is anticipated that the manual will be used by individuals
and laboratories involved in aquatic toxicology. Only those biomarker assays that
proved to be applicable during laboratory and field studies are included in the manual.
Biomarker assay protocols are presented in detail to allow easy replication and include
the: test principle, reagents, materials and apparatus, procedures, expression of results,
personal remarks and references. The introduction contains background information on
biomarkers, information on the biomarkers addressed in the manual, and summaries of
requirements and costs. The manual also includes detailed protocols for the sub-lethal
fish toxicity test and sample preparation. Sampling and sample preparation of field
samples are also outlined in detail.



2. LITERATURE REVIEW

2.1 Biomarkers

A biomarker is an indicator in a living organism that reflects sub-lethal molecular and/or
cellular changes (biochemical, physiological and histological) occurring along a
metabolic pathway because of exposure to a toxicant or physiological changes
(Decaprio, 1997; Depledge and Fossi, 1994; Mayer et a/., 1992 and NRC, 1989).
Biomarkers may be biological material ranging from bio-molecules such as nucleic acids
and proteins (e.g. enzymes) to organelles, cells, tissues, organs and whole organisms.
These biomarkers represent different levels of integration (complexity) of the effect of a
toxicant on a living organism. Biomarkers indicating damage caused at the
biochemical/molecular level in a cell have a rapid response time and are sensitive.
Biomarkers of growth and reproductive responses have the advantage of high biological
and ecological significance, but relatively low sensitivity to stress factors. Manifestations
of stress at the tissue level represent an intermediate effect between the biological and
reproductive levels. Histological changes occur earlier than reproductive changes and
are more sensitive than growth or reproductive parameters and, as an integrative
parameter, provide a better evaluation of organism health than a single biochemical
parameter (Teh et a/., 1997).

Biomarkers can be used as indicators of general stress, organ specific stress, or
toxicant specific stress. The specificity of the biomarker is determined by its localisation
in the organism, biochemical structure, functional role and level in the sub-organismal
structure.

Non-specific biomarkers (general stress) are normally present in all cells of the
organism; e.g. deoxynbonucleic acid (DNA) and ribonucleic acid (RNA), or play a role in
the regulation of metabolic processes in the cell; e.g. hormones, or is involved with
energy supply to the cells; e.g. adenalyte energy charge (AEC).

Organ specific biomarkers, on the other hand, are closely associated with the organ in
question. At the highest level of the sub-organismal biomarker hierarchy, the
histological structure or the functional integrity of the organ can be used to determine its
health status. At a lower level of the biomarker hierarchy, the difference in concentration
level of organ enzymes from the base-level concentration of these enzymes, or the
appearance of organ specific isozymes in blood, can be used as indicators of organ
damage.

The specificity of toxicant specific biomarkers depends on the biochemical structure of
the biomolecules (Table 1). In the case of delta-aminolevulinc acid (ALA-D) and
acetylcholinesterase (AChE), the toxicants in question interfere with the normal function
of these enzymes; i.e. inhibiting their activation. A decrease in the breakdown of the
enzyme substrate serves as a measure of the presence of the toxicants. In the other
two examples given; i.e. metallothioneins and P450 enzymes, the synthesis of the
biomolecules are induced in the presence of certain toxicants, and their normal function
of detoxifying or activating these toxicants enhanced, because of the increased enzyme
concentrations (Mayer et a/., 1992).



When selecting biomarkers for studies, knowledge about the cellular mechanisms
involved with metabolism, distribution, and detoxification of toxicants is essential. It is
also important that the analytical technology is available to identify the responses
(Shugart, 1996).

TABLE 1: Examples of toxicant specific biomarkers
Biomarker

ALA-D

AChE

Metallothioneins

Cytochrome P4501A

Toxicant

Lead

Organophosphates and
carbamates

Metals

Chemicals with relatively flat
molecular structures, e.g.
aromatic hydrocarbons, dioxins,
and co-planar pofychlorinated
biphenyls (PCBs)

Reference

Gill ef a/.(1991); Ho and Ho (1997)

Murphy (1980)

Depledge and Fossi (1994)

Hansen and Addison (1990)

2,2 Use of Aquatic Organisms in Biomarker Studies

The criteria in Table 2 should be taken into account when selecting a test organism for
chemical exposure studies (Nussey, 1994; Rand and Petrocelli, 1985; Wepener, 1997).

TABLE 2: Criteria to consider when selecting a test organism for chemical
exposure studies

Criterium
Sensitivity
Availability
Genetic composition
and taxonomy

Information

Importance

Laboratory use

Prerequisites
Should have a broad sensitivity range; must accumulate pollutants rapidly
Indigenous; widely available throughout the year; abundant

Low variability; easily identifiable

Ecological, physiological, genetic and behavioural information should be
available
Recreational; commercial; ecological (part of a food chain)
Susceptible to routine laboratory culturing; sufficient number of organisms of
same size and age; degree of repeatability should exist between individuals;
simple affordable analyses; fish not too expensive

Aquatic organisms integrate all the stresses placed on aquatic ecosystems and they
reflect the combined effects over periods of time (Heath and Claassen, 1999). They are
good measures of environmental health, because activities taking place in the vicinity
of a river or stream also have an effect on the quality of the river water due to run-off.

Fish are one of the best understood groups of organisms in the aquatic environment
(Roux, 1994) and are excellent indicators of water quality. They produce large numbers
of eggs, which means that fish are readily available as test organisms (Peakall, 1992).
Because of the popularity of fish, a large number of biomarker studies reported in
literature applied this test organism.



Biomarkers have also been studied in other aquatic organisms, e.g. protozoa, sponges,
molluscs, water fleas, gammarids, crabs, amphibians and turtles (Tables 2 and 3 in
Appendix A) (DeCoenef a/., 2001; Gendron et a/., 1997; Muller, et a/., 1995; Yawetzef
a/., 1997). AChE, pyruvate kinase (PK) and glucose appeared to be the most
universally used biomarkers in these organisms. No information could be found in the
literature on a comparison of the sensitivities of biomarkers in different organisms under
similar exposure conditions.

In the case of laboratory studies, control is exercised over chemicals used in the study
and the laboratory conditions. However, in natural systems a conglomerate of
environmental factors can influence biomarker levels, leading to variability and
complicating the interpretation of results. It is, however, necessary to apply biomarkers
to organisms in natural systems to test their applicability for in situ testing. Current
methods need additional attention, especially in the area of field validation, before they
can be used extensively in hazard/risk assessment and regulatory toxicology (Mayer et
a/., 1992). Shugart (1996) recommends that laboratory studies should be carried out in
conjunction with field studies to assess whether pollutant responses in the laboratory
are comparable to field data. The biomarker approach is not viewed as a replacement
for conventional assessment techniques, but a supplementary tool with considerable
ecological relevance (Depledge and Fossi, 1994). Evaluation of the general state of a
population (birth rate, mortality, fertility index, relationship between ages) should be
linked to biochemical changes to interpret the adverse effects on communities
(Depledge and Fossi, 1994).

Sensitive species and life stages should be selected to reduce the cost and time
involved in biomarker testing and to obtain a highly sensitive indicator of biological
health. By using a suite of biomarkers with different degrees of specificity, ecosystem
health can be more accurately reflected (Melancon, 1995; Peakall, 1992).

2.3 Fish as Test Organism in Biomarker Studies

There is an abundance of literature on the use offish in laboratory and field studies
(Table 3; Tables 2 and 3 in Appendix A; Joubert, 2000; Vorster, 2000). Most of the
research have been carried out with adult fish in order to use the organs in biomarker
studies. However, a number of scientists have investigated the use of embryos/larvae
and young juvenile fish.

Fish embryos and larvae have poorly developed gills and kidneys (Lee et a/., 1996;
Hwang and Yang, 1997). The skin is therefore the functional site of ionoregulation. This
enlarged surface area enhances uptake of pollutants, and thus make embryos and
larvae more sensitive than adult fish. A range of microsomal and cytosolic biomarkers
were measured in the pooled whole homogenate (150 larvae) of 24- to 48-h old trout
larvae after a 7-day exposure period (Vigano et a/., 1995). Several biotransformation
enzyme activities were present and measurable in these larvae, although mostly at
lower levels than in adult fish. Heath (1995) listed a number of practical limitations when
working with larvae:

• Difficult to work with;

• Often not cultured in the laboratory;



• Biomarker measurements are difficult or impossible to do because of the small
size of the organisms; and

• Pooling to obtain enough tissue eliminates individual variability.

Juvenile fish have also been found to be more sensitive than adult fish. For example,
the rate of metal uptake correlates with the weight-specific metabolic rate, therefore
young fish accumulate metals more rapidly than adult fish (Anderson and Spear, 1980;
Heath, 1987). As in the case of larvae, the tissues/organs of young juvenile fish,
containing specific biomarkers, cannot be removed. The biomarkers are determined in
the pooled whole fish homogenate of several individuals, which results in the dilution of
the biomarkers and lower biomarker levels. In spite of the lower levels of biomarkers in
whole organism homogenates, biomarkers have been successfully applied to whole
organism homogenates of a range of other organisms; e.g. molluscs and crustaceans
(Tables 2 and 3 in Appendix A).

Table 3 shows some of the fish species, their sizes and life stages, as well as the
experimental conditions, used in laboratory exposure studies. Some studies were
carried out under static conditions, while others used static renewal or flow through
conditions. Exposure times ranged from a few hours to several weeks. Fish were
usually fed during longer exposure periods. Different laboratories used different
numbers of fish in exposure studies. The number of fish used per exposure depended
on organism availability and the number of biomarkers conducted. Fish larvae and
juveniles were usually used in large numbers.

Control values (unexposed fish) obtained for selected biomarkers during laboratory fish
exposure studies and the effect of a number of toxicants/complex samples on the
biomarkers are presented in Table 4. The table shows that shorter exposure times were
generally used with higher concentrations of a toxicant (e.g. cadmium) and that the
exposure times increased to several weeks when the toxicant was present at sub-lethal
levels. Biomarker assays were carried out on several individual fish from each exposure
(4 to 11) or on replicates of pooled fish [3x150 fish (Vigano ef a/.T 1995) and 7x2 fish
(Soengas etal., 1996)]. The number of fish used for biomarker analysis were often not
fixed due to mortalities in some of the test solutions. Different laboratories used different
biomarker measurement units. Biomarkers are normally expressed in terms of volume
when measured in blood or plasma, or in terms of wet weight or protein when measured
in tissue. When the biomarker assay is based on a reaction rate, the time factor is also
included. The effects reported in literature (Table 4) ranged from severe inhibition
(glycogen: -72% after exposure to cadmium) to high inductions [heat stress protein (Hsp
70): +862% after exposure to paper mill effluent]. Coefficients of variation (CVs) ranged
from low [0 to 1%: glycogen, lactate dehydrogenase (LDH) and Hsp 70] to high [52%:
ethoxyresorufin-O-deethylase (EROD]). [Most of the results of exposure studies were
reported as a mean biomarker value and standard deviation (SD) (Appendix A), and %
effects and CVs had to be calculated to include in Table 4].



TABLE 3: Laboratory exposure studies: Summary offish species and experimental conditions
Fish

Species

Channa punctatus

Rainbow trout
{Oncorbynchus
my kiss)
Atlantic salmon
(Salmo salar)
Flounder
(Pleuronectes
flesus)
Tilapia
{0. mossambicus)
Rainbow trout
Chinook salmon
(Oncorhynchus
tshawytscha)

Weight/
Length/

Age

60±8g
15±2cm

24 to 48 h

20.5±1.2g
12.8±0.2cm
54 to 304 g
18.1 to 29.6
cm

10±1g

3 months

8.8±0.28 g

Life stage

NA

Larvae

Immature

NA

Juvenile

Immature

Juvenile

Experimental condition

Type of
exposure

Static
renewal:
every 24 h

Static: 2.8*

Static

Flow through

Flow through

Static

Flow through

Exposure
time

4 days

7 days

8 h

4 to 9 weeks

1 day

4 days

30 days

Number of
fish

/container

30

150

14

35

NA

10

60

Number of
replicate

containers

1

3

1

1

1

1

1

Feeding

Yes

NA

No

Yes

Yes

No

Yes

Reference

Sastry and Shukla
(1994)

Viganoef al. (1995)

Soengas et al, (1996)

Johansson-Sjdbeck and
Larsson (1978)

Murthyefa/. (1981)

Vijayan ef a/. (1998)

NA Not available



TABLE 4: Laboratory exposure studies: Summary of control biomarker levels and effects of toxicants/complex
samples on biomarkers

Experimental condition
ToxicanU
Complex
sample

Cadmium

Concen-
tration
(mgrt)

11.2

0.01
0.1

0.01
0.1

0.01
0.1

0.005
0.5

0.005
0.5

0.005
0.5

0.005
0.5

Exposure
time

96 h

8h

4 weeks

9 weeks

4 weeks

9 weeks

Biomarker

Name

Glucose

Total protein

Glycogen

LDH

Total protein

Glycogen

Total protein

LDH

Glucose

Glycogen

Protein

ALA-D

ALA-D

Organ

Blood

Liver

Muscle

Plasma

Liver

Liver

Blood

Spleen

Control level

60.8 mg/100 ml

3.89 mg/100 mt

40.26 mg/g tissue {wet
weight)
1.14 ug formazan/mg
protein/h
112 mg/g tissue (wet
weight)
1.98 mg/g tissue (wet
weiqht)
168 mg/g tissue
2.26 ug formazan/mg
protein/h

86.6 mg/100 ml

44.5 mg/g tissue (wet
weight)
86.8 mg/g tissue (wet
weight)

54.0 ug PBG/mtth

59.10 ug PBG/mE/h

106.8 ugPBG/g tissue
(wet weigh t)/h
140.0 ug PBG/g tissue
(wet weigh t)/h

cv (%y

3

3

1

1

2

1

1

6

6

8

4

15

13

9

7

Repli-
cates2

9

7

9 to 11

% Effect1

-14

-3

-40

-27

-35

-12

+31

+10
+39
-35
-72
+8

+ 19
+5
-18
-32
-17
+2
-25
+ 17
-3

Signi-
ficance

(P<0.05)'

S

s

NS

S

S

S

S

S

NS
S
S
S

NS
NS
NS
NS
S

NS
NS
S

NS
NS

Reference

Sastry and
Shukla (1994)

Soengas et at.
(1996)

Johansson-
Sjobeck and
Larsson(1978)

Calculated from standard deviation (SD) when not reported as CV
Number of individual fish (or groups of pooled fish) on which biomarker assays were performed
+ : induction; -: inhibition
S: significant; NS not significant



TABLE 4: Laboratory exposure studies: Summary of control biomarker levels and effects of toxicants/complex
samples on biomarkers (continued)

Experimental condition
Toxicant/
Complex
sample

Acidic
solution

Various
sediment
Extracts

Sodium
dodecyl
sulphate
(SDS)

Paper mill
effluent

Concen-
tration

pH<4

250 git

10, 18
and 32
mg/l

5.6,10
and 18%

2,4,8
and 16%

Exposure
time

24 h

7 days

4 days

4 days

30 days

Biomarker

Name

Glycogen

Glycogen

G-6-P-DH8

G-6-P-DH

LDH

LDH

EROD

G-6-P-DH

Hsp70

Organ

White
muscle
Red
muscle
White
muscle
Red
muscle
White
muscle
Red
muscle

Whole
organism
homoge-
nate

Liver

Control level

2.52 mg/g tissue (wet
weight)
7.6 mg/g tissue (wet
weight)
0.479 pmo! formazan/mg
protein/h
0,522 pmol formazan/mg
protein/h
0.121 umol formazan/mg
protein/h
0.183 |jmol formazan/mg
protein/h
0.3 pmol
resorufin/min/mg
microsomal protein
4.1 nmol/min/mg
cytosolic protein

45.8 arbitrary units/40 ug
protein

4.16 arbitrary units/40 pg
protein

17.14 arbitrary units/40
pg protein

CV (%)'

5

4

6

8

5

6

52

22

16

0

8

Repli-
cates2

8

3

4 to 6

6

6 to 8

% Effect3

-21

+40

-9

-22

+76

+33

-33 to +326

+ 10 to+20

+99,+140
and +81

+92, +261
and +862
+67, +52,
+43 and

+42

Signi-
ficance

(P<0.05)<

S

NStoS

NS

S.Sand
NS

S, NSand
S

S, S, S and
S

Reference

Murthyefa/.
(1981)

Vigano et al.
(1995)

Vijayan et al.
(1998)

Calculated from standard deviation (SD) when not reported as CV
Number of individual fish (or groups of pooled fish) on which biomarker assays were performed
+: induction: -: inhibition
S: significant; NS: not significant
Glucose-6-phosphate-dehydrogenase
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Information on fish and biomarkers used in field studies are summarised in Table 5. The
fish were generally much larger than those used in laboratory studies and
concomitantly the biomarkers were present at considerably higher levels. Adult fish
collected from different field sites can display different sizes that can resuft in different
levels of biomarkers. Chen et al. (1998) ascribed the lower enzyme activities in fish at
two experimental sites compared to enzyme levels in fish at a reference site to less
developed life stages of the fish (enzymatic system less developed), orto the presence
of enzyme inhibitors (pollutants), or to other environmental factors such as food. The
authors recommended that fish collected from different sites should be of similar size to
enable optimal comparison of biomarker levels.

Some laboratories collected 3 to 5 fish per site (Table 5), while others used as many as
13 to 14 fish. The numbers collected depended on the abundance offish at the sites. In
the study by Schmitt et al. (1984), different species of suckers were used to overcome
the problem with limited numbers of fish. Biomarker assays were carried out on
between 5 and 12 replicate fish. Bainy et al. (1999) performed each biomarker assay in
duplicate. Some of the biomarker units shown in Table 5 differed from the units used in
laboratory studies (Table 4). Some biomarkers were inhibited (AChE: -49% during
exposure to chlorinated hydrocarbons and heavy metals), while others were induced
(EROD: +2 181% during exposure to industrial pollutants). The CVs ranged from 4%
(AChE)to49%(EROD).

2.4 Chemicals Used in Laboratory Exposure Studies and the Biomarkers
Applied to Study their Effects

Various metals and organic chemicals have been used in laboratory exposure
biomarker studies (Tables 2 and 3 in Appendix A). Metals entering waterways originate
from a wide range of industrial effluents, old mines and agricultural activities. Acid
precipitation can also lead to leaching of metals from surrounding soils. More than 300
million tons of anthropogenic organic chemicals (e.g. herbicides and insecticides) are
manufactured world wide annually (Roux, 1994). These chemicals are freely applied in
the environment and have been found in air, soil, water, human and animal tissue.
Some of these chemicals, for example organochlorine insecticides, are highly fat-
soluble and lengthy exposure to them results in a high accumulation in organisms and
may produce adverse effects on ecosystems (Heath and Claassen, 1999).

Table 6 lists some of the chemicals and the biomarkers applied to study their effects.
Some biomarkers, e.g. glucose, AChE and LDH are affected by metals as well as
organic pollutants.

Table 7 summarises the effects of specific chemicals [(zinc, cadmium, cyanide and
pentachlorophenol (PCP)] on selected biomarkers. It can be seen that the same
chemical, e.g. zinc, can either inhibit or induce biomarkers [e.g. glucose (induction);
glycogen (inhibition)]. Different metals (zinc and cadmium) can cause an induction or
inhibition of a specific biomarker (e.g. blood glucose). Furthermore, pollutants from
different chemical groups (e.g. zinc and PCP) can have the same effect on a biomarker
(e.g. AChE).

) i



TABLE 5: Field studies: Summary of fish species, control biomarker levels and effects of different
environmental pollutants on biomarkers

Field exposure

Study
area

River

Aqua-
cufture
ponds

River

Reser-
voir

Pollution
source

Mine tailings
(zinc and lead)

Metal
reclamation
facility

Chlorinated
hydrocarbons
and heavy
metals

Aryl
hydrocarbons

Fish

Species

Suckers
{Moxostoma
duquesnei, M.
ery thru rum.
Hypentelium
nigrigans)
Milkfish
(Chanos
chanos)

Spotted
garfish
(Lepisosteus
oculatus)

Nile tilapia
(0. niloticus)

Weight/
Length/

Age

21.3 to 28.4
cm

98 to 274.1 g

200 to 570 g
3 to 5

months

NA

15 to 20.6
cm

114.9 to
283.3 g

Repli-
cates1

10

3 to 5

5 to 8

13 to

Biomarker

Name

ALA-D

EROD

AChE

EROD6

Organ

Blood

Liver

Brain

Liver

Liver

Control level

222.92 nmol/E
PBG/mt/h

46.8
pmol/min/mg
protein
569 nmol
substrate
hydrolysed/min/
mg protein
153 nmol
substrate
hydrolised/
min/mg protein

8.9 nmol
resorufin/
min/mg protein

CV
<%)2

9

22

4

4

49

Repli-
cates3

10

5

8

8

12

% Effect'
{range )

-37 to -63

-58 to
+318

-49

-39

+2 181

Signifi-
cance

(P<0.05)5

S

S

S

s

s

Refe-
rence

Schmitt et al.
(1984)

Chen et al.
(1998)

Huang et al.
(1997)

Bainy et al.
(1999)

3

4

5

6

NA

Number of fish collected per field site
Calculated from SD when not reported as CV
Number of fish analysed
+ : induction; -: inhibition
S; significant
Assay performed in duplicate
Not available
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TABLE 6: Chemicals used in laboratory exposure studies and the
biomarkers applied to study their effects

Chemical
group

Metals

Insecticides/
Herbicides

Phenols

PCBs

Organic acids

Polyaliphatic
hydrocarbons
(PAHs)

Chemicals

Cadmium
Copper
Lead
Mercury
Zinc
Aldicarb
Azinphosmethyl
Chtorpyrifos
Cypermethrin
Diazinon
Delamethrin
Endosulfan
Fenitrothion
Malathion
Parathion-methyl
Paraquat
Phenol
P-chlorophenol
P-cresol
Arochlor 1254

Hexachlorobenzene
Hydrocyanic acid

Benzo[a]pyrene

Biomarkers

Glucose, glycogen, lactic acid, LDH, pyruvic acid,
gtycogen phosphorylase, glycogen synthetase, 6-
phospho-fructokinase. lactate, AChE. cytochrome
oxidase, hexokinase, PK. stress 70, cholesterol, cortisol,
triodothryronine, thyroxine, insulin

Erythrocytes. free fatty acids, lipids, AChE, ammonia,
alanine amino transferase, aspartate amino transferase,
free amino acids, glutamine, protease, proteins (soluble,
structural, total), glucose, lactate. EROD, lipids,
cholesterol, glycerol. phosphohpids, LDH

Glutamate transaminases

Cytochrome P4501A
Glutamate transamtnases, dehydrogenases (glutamate,
malate), kinases (hexo and pyruvate), ALA-D, estradiol,
triiodothryronine, vitellogenin

EROD

TABLE 7: Effects of specific chemicals on selected biomarkers
Chemical

Zinc

Cadmium

Cyanide

PCP

Biomarker
Glycogen (muscle
and liver)
AChE (gill)
LDH (blood)

Glucose (blood)

Ions (calcium)
(blood)
ALA-D (kidney)
Glycogen (liver)
AChE
G-6-P-DH
LDH (liver)
Glucose (blood)
Glucose (blood)
Liver
PK
LDH
G-6-P-DH
EROD
AChE

Effect Reference

Inhibition

Inhibition
Induction

Induction

Inhibition

Induction

Inhibition

Induction
Degeneration

Inhibition

Induction

Inhibition

Heath (1987); Wagner
and McKeown (1982)
Gill efa/. (1990)
Rojike/a/. (1983)
Wagner and McKeown
(1982)
Rattner and Heath
(1995)

Heath (1987)

Spry and Werner (1991)

Sastry and Shukla
(1994)
Solomonson (1981)
DWA&F (1996b)

Murty(1986)

Fossie/a/. (1995)
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The bioavailability and toxicity of chemicals are determined by the physical-chemical
properties of water, i.e. temperature, hardness, pH, dissolved oxygen (DO), salinity, and
the presence of other chemicals. Great care should, therefore, be taken to control
physical-chemical parameters during laboratory exposure studies (Slabbed et ai.,
1998a).

2.5 Justification for the Selection of the Test Organism, Biomarkers and Test
Chemicals for the Water Research Commission Biomarker Study

2.5.1 Test organism

Fish are good indicators of environmental health and are therefore very suitable to use
in aquatic toxicity tests. One of the acute toxicity tests recommended for local use is
based on fish lethality (Slabbed et a/., 1998a). It was decided to use an indigenous fish
species, the Mozambique tilapia (O. mossambicus), as test organism in this study. O.
mossambicus is suitable for toxicity testing because it meets most of the criteria
outlined in Table 2. The fish is abundant and widely distributed throughout the year. It is
also a recreational and ecologically important species, and adequate background
information exists on the species (Skelton, 1993). The fish breeds in summer, grows
fast and reaches sexual maturity within one year. O. mossambicus has been found
relatively easy to culture and maintain in the laboratory (Slabbert and Pienaar, 1998)
and laboratory culturing techniques exist (Slabbert and Pienaar, 1998). Different local
laboratories have been using the fish to study aquatic pollutants and information on
sensitivity is, therefore, available. An acute toxicity test employing 3 to 4 week old
juveniles has also been developed for local use (Slabbert et ai, 1999). O.
mossambicus has been successfully employed as test organism in a number of
biomarker studies (Hwang and Yang, 1997; Lee et a!., 1996; Murthy et ai., 1981;
Nussey, 1994; Pratap and Wendelaar, 1993; Swallow and Fleming, 1970).

In order to achieve a high level of sensitivity it was decided to use the youngest possible
fish in the laboratory sub-lethal toxicity test. Literature has shown that larvae and young
juveniles are the most sensitive life stages of ftsh because they accumulate toxic
chemicals much faster than adult fish (section 2.3), and that biomarkers have been
successfully measured (detectable levels) in pooled whole organism homogenates. The
use of young fish also involves lower maintenance and operational costs (simple
culturing system, smaller culture and experimental chambers, shorter periods of
feeding and no dissection required).

Following the international approach, it was decided to use adult fish in field studies.
This would allow an evaluation of the applicability of the selected biomarkers for field
monitoring and a comparison with an abundance of published data. Although it was
initially planned to also investigate the applicability of biomarkers to homogenates of
other aquatic organisms collected from the field, e.g. molluscs or worms, such
organisms were either absent or present at insignificant numbers at selected field sites.

2.5.2 Biomarkers

The universality of biomarkers (presence in range of organisms) played an important
role in the selection of biomarkers for the study, as it was originally planned to apply the
biomarkers to fish and other aquatic organisms. It was also important that the
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biomarkers would be applicable to whole organism homogenates. It was decided to
investigate toxicant specific biomarkers (section 2.1), as well as biomarkers that are
more general, in order to establish a suite of biomarkers with varying specificities. It
was also important to select biomarkers that would elicit responses at sub-lethal levels,
to allow a high level of sensitivity. The importance of the biomarker in major
physiological and biochemical functions of the organism also played a role in the
selection process.

As far as the selection choices of the individual laboratories are concerned, the
availability of expertise and equipment played an important role as well as the need to
establish the protocol in the laboratory for use in other research projects. The
biomarkers selected by the participating laboratories and the justification for their
selection are summarised in Table 8.

TABLE 8: Biomarkers selected
study and justificatio

by the different laboratories for use in the
n for their selection

Biomarker

Protein

AChE

EROD

Glucose

Glycogen

ALA-D

LDH

G-6-P-DH

PK

Ions

Hsp

Metal lothioneirr'

Laboratory

CSIR. RAU,
WITS

CSIR, RAU

CSIR

Waterlab1

Waterlab1

Waterlab1

RAU

RAU

RAU

RAU

WITS?

WITS

Justification
• A measure used to express biomarker activity
• Widely applied in biomarker studies
• Expertise available
• Specific biomarker for organophosphate and

carbamate pesticides stress, but also responds to
heavy metals

• Well studied in fish and other organisms (universal)
• Expertise already available (used as acute toxicity

assay at CSIR; RAU can obtain a test kit)
• Specific for organic chemicals with flat molecular

structures
• Efficient early warning measure
• CSIR had access to a fluorometer required for assay
• General/universal biomarker
• Test kit available
• General biomarker
• Good indicator of stress
• Specific biomarker for lead
• General biomarker
• Test kit available
• General biomarker
• Test kit available
• General/universal biomarker
• Test kit available
• General biomarker
• Already in use
• General biomarker
• Expertise already available
• Specific for heavy metal pollution

Conducted by the student appointed by CSIR because of the unavailability of a student for
Waterlab
WITS transferred the technology to RAU when they withdrew from the project
Later omitted, because available assays were too complicated



The different test protocols available for conducting the biomarker assays listed in
Table 8, the protocols selected for this study and the justification for selecting the
specific protocols are outlined in Table 9. Rapidity, simplicity and cost efficiency
(Table 6 in Appendix A), as well as availability of equipment, skilled manpower, prior
knowledge of the method and a good track record of the method (AChE - Ellman et al.,
1961) were used as criteria during the selection process.

2.5.3 Test chemicals

Two metals, cadmium and zinc, a pesticide, PCP, and cyanide were selected for
evaluation in the sub-lethal toxicity test. (It was envisaged to also use lead and an
organophosphate based pesticide but due to time constraints these chemicals were
omitted from the study). The particular chemicals were selected because:

• Literature (Appendix A) has shown that they affect the biomarkers selected for
the study. (It was anticipated that metals would exhibit effects on AChE,
glucose, glycogen, LDH, PK, Hsp 70 and possibly ALA-D; PCP would exhibit
effects on EROD, glucose, glycogen, LDH, G-6-P-DH, PK and Hsp 70; and
cyanide would exhibit effects on glucose, glycogen, LDH, G-6-P-DH and PK);

• They are highly toxic to fish (Heath, 1987);

• Acute toxicity data are available for the test fish O. mossambicus {S\abberX et al.,
1999); and

• They are widely distributed in the aquatic environment, have been well studied,
and represent various types of pollution.

2.5.3.1 Cadmium

Cadmium is a non-essential trace metal with no biological function (Viarengo, 1985). It
is widely distributed in natural waters due to industrial discharge (Pratap and
Wendelaar, 1993). Other sources of cadmium in the environment are from mining,
agriculture (fertilisers and pesticides) and burning of fossil fuels.

Cadmium also occurs naturally in the earth's crust and is released with the natural
weathering of rocks (DWA&F, 1996b). Generally, fish are very sensitive to cadmium
poisoning. However, some species; e.g. roach, perch and tilapia, can tolerate high
concentrations of cadmium (Pelgrom et al., 1997). The toxicity of cadmium is strictly
dependent on chemical speciation and water composition (Carpene et ai, 1987).
Cadmium toxicity increases with an increase in temperature. Hardness and high pH
reduces toxicity (Rattner and Heath, 1995; DWA&F, 1996b). At lower salinities cadmium
uptake increases because more cadmium is available as free ions (Weis and Weis,
1991; DWA&F, 1996b). Spry and Weiner (1991) found that cadmium toxicity and
accumulation is reduced at lower pH, because hydrogen ions compete with cadmium
ions for binding sites on the cell membranes of gill surfaces.
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TABLE 9: Protocols available for conducting biomarker assays, the protocols selected for the study
and the justification for selecting the specific protocols

Biomarker

Protein

AChE

EROD

Glucose

GJycogen

ALA-D

LDH

G-6-P-DH

PK

Ions

Hsp70

Test protocols available Protocols selected for study

Biuret
Lowry
Bradford

Colorimetric
Electrometric
Titrimetric
Manometric
Radiometric
Potentiometric

Spectropholometric
Fluorometric

Automated glucose analyzer
Several enzymatic colorimetric test
Kits

Various Colorimetric

Various Colorimetric

Various Colorimetric

Various Colorimetric

Various Colorimetric

Standard chemical analytical
techniques
Involves various steps: separation
on SOS gel, Western blotting,
enhanced chemiluminescence,
quantification by laser densitometry

Biuret (Weichse baum. 1946): test kit -
RAU
Bradford {Bradford, 1976): macro
method - WITS; micro method - CS1R

Colorimetric (Ellman etai. 1961): test
kit - RAU; microplate assay - CSIR

Fluorometric (Burke and Mayer, 1974):
microplate assay - CSIR

Colorimetric (Trinder. 1969): test kit -
CSIR

(Seifter era/.,1950): microplateassay-
CSIR
(Schallerand Berlin. 1984} microplate
assay - CSIR
(Z. klin. Chem. u klin. Biochem. 1970):
test kit - RAU
(Kornbergand Horecker., 1955): test
kit -RAU

(Beisenherz et ai, 1953): test kit - RAU

Automated analyzer - RAU

(Sambrook. 1989); WITS and RAU

Justification
RAU selected the Biuret method because it was available in kit form; WITS
selected the macro Bradford method because it was already in use and the
CSIR selected the micro Bradford method because of the lack of
interference by sucrose and Tns as well as the small volumes required
makinq it possible to perform the assay in a microplate.

The majority of articles reviewed used Ellman's colorimetric method. The
test kit was already in use at RAU and the CSIR had expertise in a version
of the assay used for acute toxicity testing A spectrophotometer was
required for measurement, which is standard equipment in any analytical
laboratory.

The fluorometric method was selected because a fluorometer was
available. This method is much more rapid than the spectrophotometric
method.
The colorimetric test kit was selected because limited experience in its use
already existed. The method is rapid and simple, and results are available
within 1 h.

The protocol is rapid and simple

Simple and rapid colorimetric method. Standard spectrophotometer
required

Test kit already in use

Test kit already in use

Test kit already In use

Already carried out by RAU

Standard laboratory protocols, already in use at WITS
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Cadmium can disrupt the ionic balance by altering the permeability of cell membranes
(Viarengo, 1985), or by structural injuries to the gills, i.e. ruptured epithelum cells (Lee
et a/., 1996). Cadmium levels as low as 10 ug/f cause hypocalcemia in O.
mossambicus (Hwang and Yang, 1997).

2.5.3.2 Zinc

Zinc is an essential trace element in living organisms. It acts as co-factor for many
enzymes and also binds to the structural components of cell membranes to help them
maintain their structure and function (Viarengo, 1985). This metal concentrates mainty
in skin, bone and the liver, and is excreted by the bile (Heath, 1987). In aquatic
ecosystems, zinc occurs in two oxidation states namely, as Zn-J* and the metal (Zn)
(DWA&F, 1996b). The zinc ion (Zn") is toxic to fish and other aquatic organisms at
relatively low concentrations (0.02 mg/t) (Nussey, 1998). The effects of metals take
place at the gills (damaged by zinc) before they are transported to other parts of the
body (Hoogstrand et a/., 1994). The uptake of zinc by the gills are affected by the
following physical properties of water: temperature (LC50 of zinc higher in warm water);
hardness (increase in hardness reduces uptake); and DO (lower DO increases toxicity
of zinc) (Rattnerand Heath, 1995). Zinc has an antagonistic and protective action in the
uptake and toxic action of other metals; e.g. cadmium, by inhibiting uptake of cadmium,
accelerating cadmium transport to other organs, or inducing metallothionein which
binds with cadmium and detoxifies it (Kargin and Cogun, 1991).

2.5.3.3 Pentachlorophenol (PCP)

PCP represents the substituted halogenated aromatic family of pesticides, many of
which exhibit insecticide and fungicide activity (Davidson, 1995). It was once one of
the most widely used chemicals. Before restrictions were placed on its use in 1987, it
was used as insecticide, herbicide, algicide, fungicide, molluscicide, as wood
preservative, and to a lesser extent as biocide in cooling towers and pulp and paper
mills. Currently, PCP is used in commercial wood preservatives for power line poles,
cross arms and fence posts. PCP does not occur naturally in the environment and is
released into the environment by domestic and commercial pesticide usage (MurtyT

1986), industrial waste discharge, hazardous waste sites and treated wood. PCP is
highly toxic to most organisms (Kim eta!., 1996). PCP accumulates in the liver, which is
the primary organ for metabolism of PCP (Heath, 1987).

2.5.3.4 Cyanide

"Free cyanide" (CfsTand HCN) occurs mostly as molecular hydrogen cyanide (Heath,
1987). Cyanide salts ionise in water to release these cyanide ions (CN ), which
hydrolyse to form hydrocyanic acid (HCN), the most toxic form of cyanide. Cyanide is
commonly found in surface waters originating from industrial wastes (petrochemical,
mining, metal electroplating, steel and photographic) or biological sources. Bacteria,
fungi and algae produce hydrogen cyanide (HCN) as part of their nitrogen metabolism.
Cyanogenic glucosides in plants release HCN when their cellular structure is disrupted
during composition (Leduc, 1981). Some seeds; e.g. the pit of the wild cherry, contain
cyanide, while vegetables, like sweet potatoes, maize, millet and lima beans, contain

18



cyanogenic glucosides. Other sources of cyanide and thiocyanate are tobacco smoke,
malfunctioning car pollution control devices, plastics burnt in home fires and organic
thiocyanates, used as insecticides (Solomonson, 1981; Way, 1981).

The toxicity of cyanide is affected by the following:

• Temperature: At low cyanide concentrations, cyanide is more toxic when the
temperature is reduced; at high cyanide concentrations, cyanide is more toxic
when the temperature increases;

• DO: Low DO increases toxicity; and

• Other water constituents: Mixtures of cyanide and ammonia have been found to
be more toxic than the chemicals alone (addition) (DWA&F, 1996a,b).
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3. MATERIALS AND METHODS

3.1 Biomarker Protocols

This section of the report contains a short summary of each biomarker assay. The
detailed protocols are outlined in the Operational Manual (Venter et a/., 2003)

3.1.1 Protein assays

3.1.1.1 Bradford method

This method (Bradford, 1976) involves the binding of Coomassie Brilliant Blue G250to
protein. The colour is stable for 1 h. The original method (macro method) and a
miniaturised version (micro method) were applied. Both methods were carried out at
room temperature. In the macro method 100 uf of the sample was added to 5 rrtfofthe
Coomassie Brillant Blue reagent and the absorbance measured after 5 min using a
spectrophotometer (595 nm). In the micro method the sample and reagent volumes
were reduced to 10 uf and 200 u£, respectively. Tests were carried out in 96-well
microplates that allowed for the simultaneous analyses of multiple samples.
Absorbance was measured after 2 min at 600 nm on a microplate reader.

Protein concentration (mg/rrrt) was determined by means of a standard protein curve.

3.1.1.2 Boehrinqer Mannheim test kit

The test kit is based on the Biuret method as described by Weichselbaum (1946).
Protein present in a sample forms a coloured complex with cupric ions in an alkaline
reagent. 20 pt of sample was added to 1 m? of the reagent. The mixture was mixed and
incubated for 30 min at room temperature. The absorbance of a sample was measured
against a blank using a spectrophotometer (546 nm).

Protein concentration is expressed as mg/mt.

3.1.2 Acetylcholinesterase (AChE) assays

3.1.2.1 Microplate assay

The protocol of Ellman et al. (1961) was followed. This is a colorimetric method that
measures the enzyme activity in terms of acetylcholine breakdown. A reaction mixture,
consisting of buffer (2.1 mC), substrate (s-acetylthiocholine iodide) (100 \jt) and Ellman's
reagent (2,2'-dinitro-5.5-dithio-benzoic acid) (100 u£), was incubated for 5 min at 37°C.
After incubation, 50 u( of sample was added and the reaction was recorded every 60 s
for 6 min at 405 nm. Ellman's reagent interacts with thiocholine, an enzyme breakdown
product, to produce 2-nitro-5-thiobenzoic acid which has a yellow colour. Sample and
reagent volumes were adjusted to conduct the test in a 24 well microplate. This allowed
the simultaneous analyses of multiple samples and automated absorbance
measurements with a microplate reader.

The enzyme activity [absorbance (abs)/min] was determined using a standard curve.
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3.1.2.2 Boehringer Mannheim test kit

The test kit is based on the method of Ellman et ai (1961). 750 \jl of the reaction
mixture (consisting of buffer and Ellman's reagent), 5 \it of sample, and 25 u£ of the
substrate were pipetted into a test tube and mixed. The absorbance of the mixture was
measured every 30 s for a period of 90 s, starting at time 0, using a spectrophometer
(405 nm).

The enzyme activity (U/f) was calculated as the abs/30s x 23 460 (specific factor).

3.1.3 Ethoxyresorufin-O-deethylase (EROD) assay

The direct fluorometric method of Burke and Mayer (1974), measuring the O-
deethylation of ethoxyresorufin to resorufin, was used. Buffer (2 ml), sample (20 u£)
and ethoxyresorufin (10 u£) were mixed in a test tube. 10 [il fi-nicotinoamide adenine
dinucleotide phosphate (NADPH) was mixed into the mixture to start the reaction. The
progressive increase in fluorescence (formation of resorufin) was recorded at 1 s
intervals for 2 min (room temperature) in afluorometerat 510 and 586 nm, respectively.

EROD activity (nM/min) was determined using a standard curve.

3.1.4 Glucose assay

Glucose was determined with a glucose oxidase test kit of Boehringer Mannheim. The
method is described by Trinder (1969). This is a colorimetric assay where glucose is
oxidised by glucose oxidase to gluconate and hydrogen peroxide. Hydrogen peroxide is
converted to a coloured product, hydrogen peroxidase, in the presence of the
chromogen and phenol. 2 ml of the reagent solution containing buffer, enzymes,
chromogen and phenol was added to 200 u£ of sample and incubated for 35 to 60 min
at room temperature. The absorbance was measured with a spectrophotometer at 546
nm.

The glucose concentration is expressed as mg/mf.

3.1.5 Glycogen assay

The method is described by Seifter et ai. (1950). Fish tissue was digested with
potassium hydroxide to liberate the glycogen (a polysaccharide made up of condensed
glucose residues), which was precipitated with ethanol. 4 ml anthrone reagent was
added to 2 ml diluted glycogen mixture (1:20 dilution) and incubated for 10 min at room
temperature. The glucose residues condensed with anthrone to form a blue-coloured
product (McDonald et ai, 1989). Absorbance was measured at 620 nm using a
spectrophotometer.

The glycogen concentration is expressed as mg/100 g sample.

3.1.6 Delta-aminovulinic acid dehydratase (ALA-D) assay

ALA-D activity was determined using the rapid method of Schallerand Berlin (1984).
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100u£ofthe substrate (aminolevulinic acid), 1.3 ml water and 200 u? sample were
mixed in a test tube and incubated for 1 h at 37°C. After the addition of a trichloroacetic
acid-mercury chloride solution (1 ml) the mixture was centrifuged {room temperature).
Ehrlich's reagent (1 ml) was added to the filtered supernatant {1 ml) and the mixture
incubated for 5 min at room temperature. The absorbance of the mixture was read at
555 nm in a spectrophotometer.

ALA-D activity (U) was determined using a standard curve.

3.1.7 Lactate dehydrogenase (LDH) assay

The commercially available kit from Boehringer and Mannheim is based on a method
described in Z. klin. Chem. u kiin. Biochem (1970). LDH converts pyruvate to lactate
with the aid of the co-enzyme NADH, which at the same time is oxidised to NAD*. The
reagent solution (1 500 u£) and the sample (50 [it) were incubated at room temperature
for 30 s. The reaction (removal of NADH) was then recorded on a spectrophotometer
(340 nm) at 1 min intervals for 3 min, starting at time 0.

The enzyme activity (U/Q was calculated as the abs/min x 4 921 (specific factor).

3.1.8 Glucose-6-phosphate-dehydrogenase (G-6-P-DH) assay

A commercially available kit from Boehringer and Mannheim was used. The test kit is
based on a method by Kornberg and Horecker (1955). The enzyme is incubated in the
presence of an excess of the substrate, G-6-P, and the co-enzyme NADP\ The
oxidised co-enzyme is reduced to NADPH with a maximum absorption at 340 nm.
500 \JI of the sample is incubated for 10 min at room temperature in the presence of the
prepared reagent solutions, where after the absorbance is measured on a
spectrophotometer (340 nm) at 1 min intervals for 3 min, starting at time 0.

The enzyme activity (mll/mC) was calculated as the abs/min x 500 (specific factor).

3.1.9 Pyruvate kinase (PK) assay

A commercially available kit from Boehringer and Mannheim was applied. The test kit
is based on the method of Beisenherzef al. (1953). In this assay NADP+ is produced in
a double-coupled enzyme reaction, involving PK and LDH. PK converts
phosphoenolpyruvate to pyruvate, which serves as substrate for LDH. LDH then
converts pyruvate to lactate with the aid of the co-enzyme NADPH, which at the same
time is oxidised to NADP\ The test sample (125 [it) is pre-incubated for 5 min at room
temperature with three of the prepared reagent solutions. Absorbance is then measured
at 340 nm with a spectrophotometer (A1). The measurement is repeated after 10 min
(A2). The final (fourth) solution is then added and absorbance immediately measured
(A3). The measurement is repeated after 10 min (A4).

The enzyme activity (mU/mt) was calculated as [(A3 - A4) - (A, - A^)] x 103.2 (specific
factor).
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3.1.10 Heat shock protein (Hsp 70) assay

Equivalent amounts of protein (15 to 30 u£ sample containing 20 or 15 ug protein) from
samples separated on 12% polyacrylaminegels are transferred by electroblottingonto
a nitrocellulose membrane. The membrane is then incubated with an antiHsp 70
monoclonal antibody, which in turn is detected by a peroxidase coupled anti-mouse
polyclonal antibody. The level of peroxidase is quantified by exposure to enhanced
chemiluminescence reagents which release an amount of light proportional to the
quantity of peroxidase coupled secondary antibody. An X-ray film is then exposed to the
membrane for 5 min and developed. The band intensity on the X-ray film, which is
proportional to the quantity of Hsp 70, is then quantified using laser densitometry. RAU
expressed their results as relative density/15 ug protein and WITS as the area under
the curve (mm2/20 ug protein).

3.1.11 Osmotic ion analyses

Calcium, sodium and potassium were determined by means of the KONE microlyte 3+2
Ion Selective Analyser. Results are expressed in mmol/t.

3.2 Laboratory Studies

3.2.1 Test fish

Laboratory studies were carried out with the Mozambique tilapia, Oreochromis
mossambicus. Fish maintenance and breeding protocols are described in the
Operational Manual (Venter et ai, 2003). Fish were supplied by the CSIR and RAU
breeding facilities.

At CSIR, the breeding stock was kept in aerated tap water in a static system at a water
temperature of 27±1°C. The young juveniles were moved from the breeding facility to
the experimental room (water temperature: 23±2°C), 7 to 10 days after hatching and
allowed to acclimatise for at least one week before use in experiments. RAU used an
aerated flow-through system consisting of several tanks filled with borehole water,
installed in an environmental room with an air temperature of 23±1°C. Juveniles of
different ages were kept in separate tanks in the flow-through system.

Two days before experimentation, the aerated tap/borehole water in tanks holding the
test fish was gradually replaced by moderately hard reconstituted water (Table 10).
This allowed the fish to acclimatise to the synthetic water used for control testing and
sample dilution.

3.2.2 Experimental design

3.2.2.1 Studies on unexposed (control) fish

Experiments were carried out with three sizes juvenile fish, namely 1 to 1.5 cm (2 to 4
weeks old), 5 cm and 10 cm. The 1 to 1.5 cm fish were placed in glass containers with
moderately hard reconstituted water for 96 h (loading: 5 fish per 250 mf water). The
experimental conditions outlined in section 3.2.2.2 were followed. The 5 and 10 cm
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fish were kept in borehole water in a flow-through system for the same period. Fish
were starved for 24 h before experimentation and were not fed during experiments.

After 96 h, the fish were removed from the water, dried with paper towel, weighed (only
5 and 10 cm fish) and homogenised for biomarker analysts (section 3.2.3). The 1 to
1.5 cm fish were pooled in batches of 15forhornogenisation, while the larger fish were
homogenised individually.

TABLE 10: Moderately hard reconstituted water1

Reagent added^ (mg/f)

Nominal water quality range

NaHCO3

CaSO4.2H2O
MgSO4

KCI

PH
Hardness3

Alkalinity

96.0
60.0
60.0

4.0

7.4 to 7.8
80 to 100
60 to 70

According to US EPA (1991)
CSIR used Milli-Q water and RAU deionised water for preparation
As mg/f CaCO3

3.2.2.2 Exposure studies

Tests were carried out under static conditions at a water temperature of 23±2°C, in
ambient light (9 to 14 h daylight, depending on time of year), following standard acute
toxicity test procedures (Slabbert et a/., 1998a, 1999). Each test included a control
(moderately hard reconstituted water) and a number of test solutions. The detailed
protocol is outlined in the Operational Manual (Venter et al, 2003).

2 to 4 week old juveniles were used for toxicity testing. Fish were starved for 24 h prior
to use and were not fed during tests. Each experiment was carried out with the
offspring of a single female. The number of offspring per female ranged from 150 to
250. Fish were randomly transferred from a holding tank into the test containers
(loading: 5 fish per 250 ml water):

Single exposures

30 fish were placed in 1.5 ? sample in 2 I glass containers (no replicates). Fish were
exposed to two to three toxicant concentrations and control water for periods of 8, 24
and 96 h.

Triplicate exposures

60 fish, divided over triplicate 2 t flasks containing 1 t sample (20 fish per container),
were used per toxicant concentration and control. Fish were exposed to two test
concentrations and the control water for 96 h. Three experiments (triplicate containers)
were carried out with control water only.
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The pH. DO and water temperature of each solution (including the control) were
measured at the beginning and end of each exposure study. Chemical analyses were
carried out on selected samples.

Fish lethality was recorded on a daily basis. Dead fish were removed at regular intervals
to limit bacterial contamination. The % lethality was calculated as follows:

(Nt0 - Nra6)/N,0 x 100%, where

N^: Number of live fish at t = 0 h
Nm: Number of live fish at t = 96 h

After exposure, the fish in each container were pooled for biomarker analysis. The fish
were removed from the water, dried on a paper towel and placed in pre-weighed
Eppendorf tubes. After weighing, the tubes were kept at -70°C until homogenisation
(section 3.2.3)

3.2.3 Preparation of fish samples for biomarker analysis

Fish sample preparation is described in detail in the Operational Manual (Venter et al.,
2003). A 50 mM Tris (hydroxymethyl-aminomethane) buffer (pH: 7.4) containing 0.25 M
sucrose was used for tissue preparation, because all the biomarker assays could be
performed in this buffer, and at this pH.

After homogenisation the tissue suspension was centrifuged in an Eppendorf centri-
fuge at 11 OOOrpmfor 10 min at4°C (Besselink ef a/., 1997; Ibrahim etal., 1998). The
supernatants of the homogenates were divided into three aliquots and stored at -70°C
until distribution to all participating laboratories for biomarker analyses.

3.2.3.1 Studies on unexposed (control) fish

2 ml buffer was used to homogenise the 15 pooled fish. The 5 and 10 cm fish were
homogenised with 3 and 8 ml buffer, respectively.

3.2.3.2 Exposure studies

4 and 6 m£ buffer was used for the homogenisation of the 20 and 30 fish, respectively.
When fish lethality occurred, the volume of buffer used was adjusted accordingly.

3.2.4 Analysis offish homogenates for biomarker activity

3.2.4.1 Studies on unexposed (control) fish

Protein was determined by means of all three methods described in section 3.1.1. Other
assays included AChE (microplate assay and test kit), EROD, PK, LDH, G-6-P-DH
and Hsp 70. The glucose assay was not applied because the protocol was not
established. ALA-D and osmotic ion assays are only applicable to blood and glycogen
to liver, and were, therefore, omitted from the evaluations.
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Single assays were carried out (no replication), because homogenate volumes were
limited.

3.2.4.2 Exposure studies

Single exposures

All the biomarker assays, except ALA-D, glycogen and osmotic ions (organ specific
biomarkers), were applied. Protein was determined with the micro and macro Bradford
methods, and AChE with both the microplate assay and test kit.

Triplicate exposures

The G-6-P-DH assay was omitted from the battery of assays because of unacceptable
results and the large sample volumes required for assaying. Protein was determined
with the micro Bradford method, and AChE with the microplate assay and test kit.

Each biomarker assay was carried out in triplicate (except where stated differently) and
means and coefficients of variation (CVs) calculated [CV = mean/standard deviation
(SD)x 100%].

The effect (% induction or inhibition) of chemicals on biomarker activity was established
by means of the following formula:

(B t-Bc)/Bcx 100%, where

Bt: Mean test biomarker value, and
Bc: Mean control biomarker value

3.2.5 Toxicants used in exposure studies

Toxicity tests were carried out with four chemicals, namely cadmium (CdCI2), zinc
(ZnCI2), PCP (CI5C6ONa) and cyanide (NaCN). Stock solutions of 100 mg/£ were
prepared with Milli-Q water. Where required, the stock solution was diluted further with
Milli-Q water to a suitable working solution (e.g. 1 or 10 mg/E). Test solutions were
prepared as 1.5 £ volumes in measuring cylinders with moderately hard reconstituted
water (Table 10). (In the case of triplicate tests, 4.5 I sample was prepared). The results
of tilapia lethality tests (Slabbert et at., 1999) were used to select a suitable sub-lethal
concentration range for the exposure studies. The test concentration ranges were as
follows (mg/£):

Cadmium:
Zinc:
Cyanide:
PCP:

0
0
0
0

.003 to 0.4

.125 to 2.0

.0625 to 0.25

.00125 to 0.1
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3.2.6 Statistical analysis

3.2.6.1 Analysis of variance

Data sets were compared by means of Student's t-test (Clarke, 1969) to establish
whether or not results differed significantly at the P<0.05 level. This allowed the
derivation of the toxicity endpoint referred to as a LOEC. The LOEC is the lowest of
consecutive toxicant concentrations at which the biomarker activity was significantly
different from that of the control.

3.2.6.2 Regression analysis

Where possible, linear regression was applied to the test data (% effect versus log
concentration) to establish the EC2(, (the concentration causing a 20%
induction/inhibition in biomarker activity compared to the control activity).

3.3 Field Studies

The field studies were carried out at the sites where students of RAU have been doing
work for several years. The Rust de Winter Dam was selected as reference site and the
Loskop and Hartbeespoort Dams as test sites. Historical water quality data are
presented in Table 11.

TABLE 11: Historical water quality
(obtained from DWA&F)

data (mean+SD) of the selected dams

Variable
(mg/€, except when
indicated otherwise)

PH
Conductivity (mS/m)
Alkalinity (CaCOJ
Calcium (Ca)
Maqnesium (Mg)
Sodium (Na)
Potassium (K)
Silica (Si)
Ammonia (N)
Nitrate-nitrite (N)
Phosphate (POd)
Sulphate (SO,,)
Fluoride (F)
Chloride (Cl)

Rust de Winter Dam

1995

8.0
19 0+2.0
64.0±6.0
10.0+0.8
5.0+0.5
16.0+2.0
6.0±0.5
3.0±0.9

0.05±0.02
0.07±0.05
0.01±0.01
10.0±2.0
0.4±0.07
10.0±0.6

2000

7.9
19.0+2.0
56.0+4.0
9.0±1.0
5.0±0.8

16.0+1.0
4.0±0.2
5.0±0.5

0.04
0.05±0.01

0.02
7.0±2.0

0.32±0.1
14.0±1.0

Losko

1995

7.9
35.0±1.0
43.0±3.0
21.0±1.0
10.0±1.0
26.0±2.0
6.0±0.4
2.0±0.3

0.04
0.06±0.03
0.11±0.2

89.0±11.0
0.2±0.03
15.0±1.0

p Dam

1996

7.8
32.0±2.0
44.0±2.0
20.0±0.6
10.0±0.4
26.0±0.8
5.0±0.7
2.0±0.2

0.04±0.01
0.06±0.05

0.02
74.0±3.0

0.3
15.0±2.0

Hartbeespoort Dam

1995

8.4
50.0±4.0

99.0+10.0
29.0±4.0
14.0±1.0
44.0±4.0
1O.O±O.6
2.U1.0
0.3±0.3
1.8±0.7

0.05±0.03
67.0±4.0
0.5±0.1

46.0±3.0

2000

8.3
45.0+6.0
98.0+14.0
26.0±6.0
14.0±2.0
33.0±9.0
7.0±1.0
4.0±2.0
0.1±0.2
1.4±0.7

0.1
52.0±8.0

0.3
38.0±8.0

3.3.1 Study sites

3.3.1.1 Rust de Winter Dam

The Rust de Winter Dam is the uppermost major dam in the Elands River and is
surrounded by a nature reserve. The Elands River rises a few km south of Rayton near
Kaztan, north of the N4-highway and drains northwards through hilly country for
approximately 60 km to the dam. From this point it flows in a westerly direction to the
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south of the Springbok Flats to its confluence with the Olifants River, downstream of
Marble Hall. The dam has a catchment area of 1 147 km2 and a total storage capacity of
28.1 x 106 m3. The dam was initially used for irrigation of vegetable farms below the
dam, but has recently become a popular recreational area for fishing and boating (Butty
et a/., 1980; Grimsehl and Pullen, 1991). There is no development that can have a
major impact on the water. The largest portion of the catchment is undeveloped
bushveld, which is used for cattle ranching.

3.3.1.2 Loskpj

The Upper Olifants River Catchment comprises the drainage areas of the Olifants
River, Klein Olifants River and Wilge River with tributaries down to the Loskop Dam.
The headwaters of these rivers are located along the Highveld Ridge in the Secunda-
Bethal areas and rivers then flow in a northern direction towards the Loskop Dam. The
major impoundments upstream of the dam include the Witbank Dam, Middelburg Dam,
Bronkhorstspruit Dam and Premiere Mine Dams. The dam is 48 km north of Middelburg
and has a catchment area of 12 261 km2 and a storage capacity of 180 x 10G m3 to
348.1 x 10G m3 (SANCOLD, 1978). The total catchment incorporates the most
industrialised region of the Olifants River basin. A large number of mines, predominantly
coal mines, are located in the Loskop Dam Catchment. There is also a large number of
agricultural activities in the area. The Loskop Dam has been described as a sink for
heavy metals and other chemicals (e.g. pesticides). Presently Loskop Dam supplies
water for domestic, industrial and irrigation purposes.

3.3.1.3 Hartbeespoort Dam

The Hartbeespoort Dam is situated on the Crocodile River, about 16 km southwest of
the town of Brits and 37 km due east of Pretoria. The Hartbeespoort Dam was built
downstream of the confluence of the Crocodile and Magalies Rivers and has a
catchment area of 4 112 km2 and a storage capacity of 185.49 x 10G rrr' (Rossouw,
1992). The catchment area includesthecity of Johannesburg and its northern suburbs.
Other towns include Mid rand, Clayville, Olifantsfontein, Tembisa, Alexandra,
Hartbeespoort, Magaliesburg and parts of Atteridgeville and Saulsville. The intense
urbanisation in the area has the potential to decrease the water quality due to dumping
of effluents and solid wastes, mines, industrial activities, etc. There are also a large
number of sewage treatment plants and storm water run-off in the area

3.3.2 Fish sampling

Fish sampling is described in detail in the Operational Manual (Venter et ai, 2003). Two
field surveys were carried out, namely in January 2000 (summer) and June 2000
(winter). Where possible, 20 adults (including males and females) were caught. Total
length (cm), weight (kg) and sex of the fish were recorded.

Blood was drawn from the caudal vein and kept on ice in 5 rnf Vacutainers. The brain
and liver were removed, placed into Cryotubes, and kept in liquid nitrogen.

The water temperature, pH, conductivity, total dissolved solids (TDS) and DO were
determined at each site.
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3.3.3 Preparation of fish samples for biomarker analysis

210 |_if of each blood sample was transferred to a separate Vacutainer and stored at
-20°C for use in the ALA-D assay. The preparation of the whole blood for ALA-D and
protein analyses is described in the Operational Manual (Venter et a/.. 2003). The
remaining blood was centrifuged for 10 min at 3 000 rpm. The red blood cells were
placed at -20°C and the plasma was kept in liquid nitrogen until analysis. Brain and liver
samples were weighed and homogenised in buffer at a ratio of 1:1 (weight/volume). The
homogenate was centrifuged at 15 000 rpm for 20 min at 4°C and the supernatant kept
at -20°C until analysis. 500 mg liver sample was kept for the glycogen assay and
prepared as described in the Operational Manual (Venter et ai, 2003).

3.3.4 Analysis offish samples for biomarker activity

The micro Bradford protein assay was applied to whole blood, erythrocytes, blood
plasma, and liver homogenate. ALA-D activity was determined in whole blood and
AChE activity in erythrocytes (microplate assay) and brain homogenate (test kit). Blood
plasma was analysed for glucose and LDH activity, and osmotic ion concentrations.
EROD, PK, LDH, G-6-P-DH and glycogen assays were carried out on liver samples.

3.3.5 Statistical analysis

Biomarker data was statistically analysed (Statcon, RAU) using the SPSS computer
programme. Two-way analysis of variance (ANOVA) and Dunnett's test were employed
to determine significant differences between localities and season. The significance
level was set at P<0.05.

Fish weight and length were statistically analysed by means of Student's t-test.



4. RESULTS AND DISCUSSION

4.1 Laboratory Studies

4.1.1 Verification and optimisation of protocols

4.1.1.1 Biomarker levels in unexposed (control) fish

Biomarker analysis were carried out on different sizes unexposed (control) fish to:

• Establish, evaluate and optimise the different biomarker methodologies and
sample preparation protocols;

• Establish the biomarker levels in the homogenates of different sizes fish to
enable the selection of a suitable fish size for exposure studies; and

• Establish the variation between data.

The biomarkers were determined in a number of homogenates of pooled 1 to 1.5 cm
fish and individual fish (5 and 10 cm). 15 of the 1 to 1.5 cm fish were pooled. 2.5 cm
fish (6 weeks) were initially included in studies but the samples were destroyed when
the freezer defrosted. Single assays were carried out because of limited homogenate
volumes.

Protein levels

A micro and macro Bradford method, and a Boehringer Mannheim test kit were used to
determine protein. The results (range, mean and CV) obtained for four pooled fish
samples, and eight individual 5 and 10 cm fish samples are presented in Table 12.

The micro and macro Bradford results were fairly similar in some instances (e.g. 2.9
and 3.1 mg/E protein), while in others they showed large differences (e.g. 4.1 and 10.7
mg/t protein). The best agreement between results of the two methods was obtained in
the case of the 1 to 1.5 cm fish, while the results of the largerfish differed considerably.
In general, the protein values of the micro method were lower than the protein values
of the macro method. The differences between the results of the two Bradford
methods were possibly due to the fact that 10 ut is used in the micro method and 100
uC sample is used in the macro method. The smaller volume will amplify any pipetting
error made by an inexperienced analyst.

The protein values of the Boehringer Mannheim test kit were between 10 and 25 times
higher than the values of the Bradford methods. The higher values could be ascribed to
possible interference of the Tris buffer with the Biuret reaction on which the assay is
based.

The protein values (all three methods) of the 5 and 10 cm fish were fairly similar, which
could have been due to incomplete homogenisation. The values of the 1 to 1.5 cm fish
obtained with the Boehringer Mannheim test kit were in the value range of the larger
fish, confirming the possible interference of the buffer with the Biuret reaction. The
results obtained for the 1 to 1.5 cm fish using the Bradford methods were between two
to three times lower than the results obtained for the larger fish.
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In general, the variation (CV) between the results (all three protein methods) obtained
for the eight individual 5 and 10 cm fish was larger than the variation between the
results of the four sets of 1 to 1.5 cm fish. The individual fish displayed a range of
weights (Table 12), while a constant volume of buffer was used for homogenisation,
which could explain the variation in the protein values.

TABLE 12: Protein levels in the homogenates of different sizes fish, determined
by means of a micro and macro Bradford method and a Boehringer
Mannheim test kit

Fish weight (g)
Micro Bradford

method
Macro Bradford

method
Boehringer

Mannheim kit
mg protein/mC homogenate

15 pooled 1 to 1.5 cm fish (n=4)
Range
Mean
CV (%)

ND
ND
ND

3.0 to 3.6
3.2
9

2.1 to 4.8
3.5
35

61.4 to 78.9
71,8
10

Individual 5 cm fish (n=8)
Range
Mean
CV (%)

1.9 to 10.2
4.6
61

4.1 to 13.2
8.1
36

8.4 to 11.1
9.9
9

64.4 to 136.0
91.1
27

Individual 10 cm fish (n=8)
Range
Mean
CV (%)

9.7 to 24.7
15.7
33

5.0 to 9.2
6.9
17

8.6 to 12.2
10.0
11

65.9 to 104.3
84.9
16

n Replicates
ND Not determined
CV Coefficient of variation

Values obtained for other biomarkers

The different fish homogenates were also analysed for AChE (microplate assay and
test kit), PK, LDH, G-6-P-DH and Hsp 70. Biomarker activity is usually expressed in
terms of protein. The results of the macro Bradford method was used to calculate the
biomarker activities, because this was the most established method at the time. The
results (range, mean and CV) are summarised in Table 13.

The AChE values obtained with the microplate assay were between two to four times
higher than the test kit values. One of the four 1 to 1.5 cm fish homogenates showed
an absence of AChE with the test kit. AChE values in the 5 cm fish were higher than
the values in the 10 cm fish. In general, the variation between test kit results were
larger than the variation between microplate assay results. The variation between
results of both methods was particularly large in the case of the 1 to 1.5 cm fish
(microplate assay: 101%; test kit: 113%). Table 14 shows that there was a good
correlation between the AChE enzyme reaction rates (slope: abs versus time) of the
different 10 cm fish homogenates in the microplate assay.

PK, LDH, G-6-P-DH and Hsp 70 were detected in all the 1 to 1.5 cm fish homogenates.
A variation of 102% was noticed between the LDH results. The variation between the
results of the other markers ranged from 21 to 49%. None of the 5 cm fish
homogenates and only four of the 10 cm fish homogenates contained PK. The results
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of the 10 cm fish homogenates showed a very large variation (181%). On average, PK
levels in the 1 to 1.5 cm fish were approximately 20 times higher than in the 10 cm fish.
Two of the 5 cm fish and three of the 10 cm fish homogenates did not contain LDH.
The variation between the results was high (5 cm fish: 221%; 10 cm fish: 93%). The 1
to 1.5 cm fish contained the highest LDH levels (0.0551 U/£/mg protein) and the 10
cm fish the lowest (0.0008 U/f/mg protein). G-6-P-DH was absent from four of the 5
cm fish and five of the 10 cm fish homogenates. The variation between the results of
these homogenates was very high (5 cm fish: 247%; 10 cm fish: 158%). As in the case
of PK and LDH, the larger fish contained lower G-6-P-DH levels. A high degree of
variation was found to occur between the results of the 5 cm fish homogenates (132%),
where three of the eight samples did not contain Hsp 70, and two yielded very low
levels of Hsp 70. The 10 cm fish contained the highest Hsp 70 levels. The results
showed a variation of 26%.

TABLE 13: Biomarker levels in the homogenates of different sizes fish
AChE

Microplate
assay

(abs/min/mg
protein)

Test kit
(U/e/mg
protein)

PK
(mU/me/mg

protein)

LDH
(U/e/mg
protein)

G-6-P-DH
(mU/m€/mg

protein)

Hsp 70
(mm2/20 ug

protein)

15 pooled 1 to 1.5 cm fish (n=4)

Range

Mean
CV (%)

0.0458 to
0.3810
0.1531

101

0 to 0.1490

0.0572
113

4.4290 to
18.9200
12.2091

49

0.0055 to
0.1323
0.0551

102

6.9840 to
15.3175
10.2350

30

640 to 1 020

845
21

Individual 5 cm fish (n=8)

Range

Mean
CV (%)

0.3410 to
1.0500
0.5623

41

0.1113to
0.2690
0.1820

30

0

0
0

0 to 0.0187

0.0029
221

0 to 5.0340

0.7078
247

0 to 1 664

381
132

Individual 10 cm fish (n=8)

Range

Mean
CV (%)

0.3307 to
0.4652
0.3907

10

0.0561 to
0.2513
0.1384

49

0 to 2.9011

0.5753
181

0 to 0.0019

0.0008
93

0 to 2.8816

0.6800
158

640 to 1 872

1 434
26

n Replicates
CV Coefficient of variation
abs Absorbance

TABLE 14: Slopes obtained with the AChE microplate assay for individual 10
cm fish (n=13)

Slope range (abs versus time)

0.0013 to 0.0036

Correlation range (R)

0.9992 to 1.0

n
abs

Replicates
Absorbance

EROD activity was only determined in the 1 to 1.5 cm fish homogenates. All the
samples showed an absence of this biomarker activity. The assay was verified on the
S9 liver fraction of rats injected with Arochlor 1254 (a mutagen inducing EROD



synthesis), which showed high activity. The absence of EROD activity in the fish
homogenates can probably be ascribed to the fact that in the absence of toxicants
inducing EROD synthesis, only basal levels of this enzyme, which is primarily found in
the liver, are present. In this case the enzyme was even further diluted in the whole fish
homogenate.

Conclusions and recommendations

• The studies succeeded in establishing the majority of biomarker assays and in
obtaining satisfactory values for the different biomarkers on unexposed (control)
fish.

• Although some of the biomarker levels were low or undetectable in the
unexposed fish, it was decided not to omit any of the assays from the exposure
studies because the possibility existed that biomarkers would be induced by
certain toxicants and therefore would be higher in exposed fish.

• Because of the possible interference of the Tris buffer with the Biuret reaction in
the Boehringer Mannheim test kit, it was decided to omit this method from
further studies, but to continue with the two Bradford methods to verify which of
the two methods is the most suitable.

• Although the AChE microplate assay performed better than the AChE test kit in
terms of lower variability and higher enzyme levels, a final decision could not be
made on whether or not to omit the test kit method. It was decided to include
both methods in the battery of biomarker assays for exposure studies to enable
a more justified recommendation.

• The variation between data sets raised serious concern. Most of the CVs for
data sets were >10%, in fact, a larye number of CVs were >10U%. The highest
CV reported in literature (section 2.3) for fish homogenates is 52%. In order to
reduce variability of exposure study results, it was decided to conduct each
biomarker assay in triplicate and to do replicate fish exposures wherever
possible. It was also decided to ensure that the biochemical analytical skills of
the participating students meet minimum requirements to reduce variability.

• Since the biomarker levels in the 1 to 1.5 cm fish were not markedly lower than
those obtained with the 5 and 10 cm fish (in some instances they were higher)
and the variation between data sets were generally smaller, it was decided to
use 2 to 4 week old juveniles in exposure studies. The homogenates of the 1 to
1.5 cm fish were much more easy to prepare (the 5 and 10 cm fish had scales
and were hard). Furthermore, the 1 to 1.5 cm fish were easier to handle and
smaller sample volumes were required.

• The studies were hampered by limited numbers offish. A large effort would be
required to ensure large enough numbers of fish for replicate biomarker analyses
and replicate experiments during exposure studies.
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4.1.1.2 Effect of variables on biomarker results

The repeatability and reproducibility of test results can be affected by one or more
variables, e.g. test method, sample (preparation, handing, storage), operator manipu-
lation, equipment and the experimental environment. Since large variations were
noticed between data sets in section 4.1.1.1, the effect of some variables that could
affect test data was investigated to optimise protocols. These included:

• Operator manipulation;
• Sample storage time; and
• Sample containers.

Operator manipulation

Two students with training in biomarker assays, determined protein in three fish
homogenates using the Biuret method. The assays were carried out with the same
equipment and in the same laboratory. Table 15 shows that the protein values of
Operator 1 were higher than the protein values of Operator 2. A larger variation was
also noticed between the replicate assays of Operator 1. An analysis of variance
(Student's test) on the data sets showed that the results were, however, not significantly
different at PO.05.

TABLE 15:

Sample

1
2
3

Protein levels (mg/m€) established by two trained operators in three
fish homogenates using the Biuret method

Operator 1

Mean (n=3)

85.98
91.68
99.09

CV (%)

23
9
13

Operator 2

Mean (n=3)

75.29
75.34
81.83

CV (%)

6
6
7

Significant
difference at

P<0.05
No
No
No

n Replicates
CV Coefficient of variation

In a second experiment one of the trained students (Operator 1) and a researcher not
regularly involved in biomarker assays (Operator 2) applied the micro Bradford protein
assay to four fish homogenates. The assays were carried out in the same laboratory
using the same equipment. Operator 1 performed triplicate assays, and Operator 2
single assays. The result of Operator 2 for sample 1 was very high compared to the
result of Operator 1. Likewise, the result of Operator 2 for sample 2 was very low. An
analysis of variance showed that these two data sets were significantly different at
P<0.05. The values of Operator 2 for the other two samples were also lower than the
values of Operator 1, but were not significantly different. In general, the variation
between replicate results was large ranging from 9 to 51 %.
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Sample storage time

Fish homogenates were often frozen for extended periods of time before biomarker
analysis. Table 17 shows the protein results of three samples analysed by the micro
Bradford method after 2 weeks and 11 months storage at -70°C. The assays were
carried out by one operator, using the same equipment and experimental environment.

The variation between replicate assays was small (0 to17%), and the results obtained
after 11 months storage were similar to the results obtained after 2 weeks storage. An
analysis of variance indicated that results did not differ significantly at P<0.05.

TABLE 16: Protein levels (mg/m€) established by one trained and one
inexperienced operator in four fish homogenates using the micro
Bradford method

Sample

1
2
3
4

Operator 1

Mean (11=3)

5.12
7.90
9.11
6.87

CV (%)

51
9

28
31

Operator 2

Mean (n=1)

12.12
2.57
5.00
5.00

CV (%)

ND
ND
ND
ND

Significant
difference at

P<0.05?
Yes
Yes
No
No

n Replicates
CV Coefficient of variation
ND Not determined - single value

TABLE 17:

Sample

1
2
3

Protein levels
in three fish

(mg/m€) established with the micro Bradford method
homogenates after different storage periods at -70°C

Storage: 2 weeks

Mean (n=3)

2.48
2.83
2.75

CV (%)

3
0
6

Storage: 11 months

Mean (n=3)

2.63
2.70
3.04

CV (%)

5
15
17

Significant
difference at

P<0.05
No
No
No

n Replicates
CV Coefficient of variation

Sample containers

Fish homogenates were dispensed into different Eppendorf tubes for shipment to the
different laboratories. The effect of sample containers on test data was examined by
conducting a micro Bradford assay on the contents of two sets of four Eppendorf tubes.
The one set of tubes contained a protein standard (0.5 mg/rrtf bovine serum albumin)
and the other set contained a fish homogenate. The assays were carried out by one
operator, using the same equipment and experimental environment. The results of
replicate assays were close to the standard value of 0.5 mg/rrtf (Table 18) and showed
little variation (1 to 6%). An analysis of variance indicated that the results of replicate
containers did not differ significantly at P<0.05. The variation between replicate assays
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on the fish homogenates ranged between 1 and 16%. A significant difference was
established between the results of tubes 3 and 4.

Conclusions and recommendations

• The findings confirmed that individual variables such as operator manipulation
and sample containers contribute to significant differences between data.

• Sample storage did not significantly affect data.

• Because of the lower biomarker levels in young fish, the variation between the
results is expected to be amplified. Extreme care should, therefore, be taken to
limit the effect of variables, to ensure that small changes in biomarker activity as
a result of toxicity are detected.

TABLE 18: Protein levels (mg/m€) established with the micro Bradford method
in a protein standard (0.5 mg/m£ bovine serum albumin) and fish

^ homogenate dispensed in different Eppendorf tubes

Sample

1
2
3
4

0.5 mg/m€ bovine serum albumin
Mean (n=3)

0.494
0.502
0.481
0.480

CV (%)
3
4
6
1

Fish homogenate
Mean (n=3)

2.37
2.47
2.79*
2.31*

CV (%)
16
12
1
2

n Replicates
CV Coefficient of variation

Data sets differed significantly at P<0.05

4.1.1.3 Selection of an appropriate protein method

During studies on unexposed fish (section 4.1.1.1) the results of the two Bradford
methods showed considerable variation. It was decided to use both methods in further
studies, to allow for the selection of the most appropriate method.

Table 19 presents the protein results obtained in a number of experiments (mean and
CV of replicate assays and the mean and CV of replicate data sets). The Bradford
method was conducted by two laboratories (WITS and RAU). WITS did not provide
individual data, which rendered the calculation of CVs impossible.

Large differences were noticed between the results of the two Bradford methods. 58%
of the micro and macro (RAU) Bradford data sets were significantly different (P<0.05).
In general, the results of the micro method was lower than the results of the macro
method. The results of the two laboratories conducting the macro Bradford method also
differed considerably. The results of RAU were generally higher than the results of
WITS. Differences were noticed between the data within an experiment and between
the data of different experiments. Triplicate protein values ranged between 3.54 and
9.11 mg/m£ in the case of the micro Bradford method, between 1.5 and 14.9 mg/mt in
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the case of the macro Bradford method used by WITS, and between 3.51 and 14.47 in
the case of the macro Bradford method used by RAU. In general, the results of the
micro Bradford method showed less fluctuation than the results of the macro Bradford
method. The CVs of replicate data sets ranged from 4 to 28% for the micro Bradford
method, from 12 to 38% for the macro Bradford method used by WITS, and from 17 to
2 1 % for the macro Bradford method used by RAU. The variation between the triplicate
assays of both Bradford methods was generally small, indicating good experimental
conduct. Some of the triplicate assays in experiments 3 and 4 showed high CVsforthe
micro Bradford method.

TABLE 19: Protein levels (mg/m€) established by means of the micro and macro
Bradford methods

Experiment

1

2

3

4

Qata set

1

2

3

4

b

Mean (n=15)

1

2

3

4

5

Mean (n=15)

1

2

3

4

5

Mean (n=15)

1

2

3

4

Mean(n=12)

Micro method

Mean (n=3)

4.51

5.38*

3.54

4.031

3.92*

CV (%}

11

9

3

7

10

4 28 (17%]

5.83

6.22'

5.96'

6.37*

6.26"

6

f>

6

5

2

6 13(4%)

3.85'

4.17

5.80

5.46

7.61

41

53

10

18

8

5 38(28%)

5 12*

7.90*

9.11

6.87*

51

9

28

31

7.25 (23%)

Macro method

WITS'

Mean (n=3)

7 4

6 7

6 (I

6 7

4.8

6.32(16%)

4.1

3 4

3.7

1.9

1.5

2.92(39%)

5 7

CO

5 2

3.4

6 3

5.32(22%)

11.6

12.7

11.9

14.9

12 78(12%)

RAU

Mean (n=3)

13.65

10.01*

8 84

9 19*

10.49"

CV (%)

SV

3

SV

5

1

10 44 (18%)

6.07

5.11'

3.51"

5.11*

7.11*

3

4

6

3

f>

4.95(21%)

9.32'

7 58

5.85

NO

7.37

10

4

4

ND

4

7 53(19%)

12.96*

9.45*

13.09

14.47*

C|

8

13

12 49 (17%)

1 Calculation of CVs not possible
n Replicates
ND Not determined
SV Single value
CV Coefficient of variation
• Data sets differed significantly at P<0.05

CV of replicate data sets in brackets

Conclusions and recommendations

The micro Bradford method proved to be the most appropriate assay for protein
determination, because the results were more consistent and more repeatable
than the results of the macro Bradford method.
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• Since protein analysis is an integral part of stress protein analysis and should be
carried out on site, it was decided that WITS and RAU would continue to use the
macro Bradford method to establish protein for Hsp 70 analysis.

4.1.1.4 Protein versus fish weight for the expression of biomarker activity

Biomarker activity in tissue can be expressed in terms of protein or wet weight. The
large variation occurring in protein values raised the question if fish weight instead of
protein should not be used to express biomarker activity in fish homogenates.

Table 20 compares the protein values and fish weights obtained for a number of data
sets. Generally, the weight data sets showed less variation than the protein data sets.
56% of the weight CVs were below the CVs obtained for protein, and 63% of the weight
CVs were <10%, while only 38% of the protein CVs were <10%.

TABLE 20:

Data set

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Comparison between protein values and fish weight
Protein

Mean
(mg/m€)

4.27
3.28
6.15
6.13
5.38
7.25
4.27
2.57
2.69
2.37
2.25
4.38
7.35
1008
4.73
2.54

Replicates
(n)
15
15
15
15
15
15
15
12
9
12
12
9
9
9
9
9

CV (%)

17
10
5
4
28
23
47
13
7
10
9
18
2

31
35
16

Fish weight
Mean

(mg/m€)
155.61
98.73
111.67
106.67
177.12
273.56
178.90
147.09
92.26
113.89
110.92
115.36
141.01
170.43
148.85
81.8

Replicates
(n)
5
5
5
5
5
5
5
4
3
4
4
3
3
3
3
3

CV {%)

6
8
5
4
9
7
17
7

23
18
17
4
18
9
4
18

CV Coefficient of variation

Conclusions and recommendations

• Based on the small variability between fish weight data, it was decided to use
weight rather than protein to express biomarker data in exposure studies.

• Because of the large differences obtained in some experiments between the
control and test protein data, it was decided to include protein as biomarker and
express protein data in terms of fish weight.

• Hsp 70 will be expressed in terms of protein (section 4.1.1.3)
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4.1.2 Exposure studies

Each experiment (toxicity test) was carried out with the offspring of a single female to
ensure homogeneity (limit variability due to age and genetic differences). The number
of offspring per female ranged from 150 to 200. In order to accommodate all the
selected biomarkers, 30 fish were pooled. This meant that between five and seven
batches of 30 fish were available for a toxicity test.

To obtain sufficient information on sensitivity, the effect of exposure time, and possible
concentration-response relationships, it was necessary to conduct tests on a range of
test concentrations (definitive test). A number of experiments were, therefore, carried
out on single batches of 30 fish (single exposures). Each assay was carried out in
triplicate to establish inter-assay variation. A few experiments were carried out with
triplicate batches of 20 fish (triplicate exposures) to establish inter-experimental
variation. Some biomarkers were omitted from the latter experiments and, therefore,
fewer fish were pooled. Only a control and two test concentrations, or three controls,
could be accommodated during triplicate exposures.

4.1.2.1 Control biomarker results

Each experiment included a control that duplicated all the conditions of the exposure
treatment, but contained no toxicants. A control is used to determine the absence of
measurable toxicity due to basic test conditions (e.g. salinity, temperature, health of
organisms, or effects due to handling) (Slabbert era/., 1998a).

All the biomarker results, except Hsp 70, are expressed in terms fish weight. Hsp 70 is
expressed as protein (macro Bradford method). Protein (micro Bradford method) was
included as biomarker.

Single exposures

The control results (means and CVs) of single exposures (1x 30 fish) are summarised
in Table 21. G-6-P-DH assays were discontinued during later experiments because of
insufficient sample volumes (this test required 1.5 mf sample). Hsp assays were initially
carried out by WITS, and later by RAU.

Because young juveniles were used in the exposure studies, it was expected that the
biomarker values would be lower than the values presented in literature for adult fish. A
comparison with the data reported in literature (Table 4) was difficult, because different
units were used to express biomarker activities. The protein values (mg/mg fish)
presented in Table 21 are between two and six times lower than the values presented
for tissue and liver in Table 4. Similar ratios are expected for the other biomarker
values. The biomarker values obtained during the verification and optimisation of
protocols (Table 13) were higher that the values in Table 21, because protein was used
for the expression of results (protein levels considerably lower than fish weight - Table
20).

The AChE values of the test kit (Table 21) were generally higher than the values of the
microplate test. Likewise, the Hsp 70 values obtained by RAU were much higher than
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the values obtained by WITS. The differences between the results could be attributed
to the use of different units (AChE: abs/min/mg fish and U/f/mg fish; Hsp 70: mm2/20 ug
protein and relative density/15 ug protein).

The biomarker values of the different experiments fluctuated considerably (Table 21).
This could be attributed to differences in the weight and size of the offspring (a fixed
volume of buffer was used in all experiments, irrespective of the weight and size of the
fish). The fish weight ranged from 72.5 to 251 mg/mfJTto
0.0613 mg/mg fish), glucose (0.0017 to 0.0044 mg/mg fish), Hsp 70 (RAU) (2137 to 10
252 relative intensity/15 ug protein) and EROD (0.0699 to 0.3605 nM/min/mg fish)
exhibited the smallest fluctuation and PK (0.0201 to 0.6691 mU/mf/mg fish), AChE
(test kit) (0.0003 to 0.0140 IWmg fish) and G-6-P-DH (0.0562 to 4.6738 mU/C/mg fish)
the largest fluctuation.

Large inter-assay variations were noticed in the case of G-6-P-DH (CV: 14 to 72%),
protein (CV: 0 to 92%), PK (CV: 5 to 98%), AChE (test kit) (CV: 2 to 109%) and LDH
(CV: 2 to 110%). These variations could be attributed to experimental error during
sample manipulation (e.g. the handling of the micropipette) or in the case of the test kits
to test method limitation (incompatibility with the fish homogenate). The best
repeatability was obtained with the Hsp 70 (RAU) (CV: 5 to 28%) and glucose (CV: 0 to
32%) assays. An evaluation of microsomal and cytosolic biomarkers in a 7-day
laboratory larval trout sediment toxicity test (Vigano etai, 1995) showed control CVsof
between 8 and 52%. With a few exceptions (mostly test kit data) the control CVs in
Table 21 were in agreement with the published values. Table 4 in Chapter 2 shows
that variability decreased {lower CVs) when replicates were increased.

Triplicate exposures

The control results (assay means and CV ranges, experimental means and CVs) of
triplicate exposures (3x20 fish) are summarised in Table 22. G-6-P-DH was omitted
from all experiments because of the large sample volume required. AChE (test kit) and
Hsp 70 were only applied to three of the experiments.

The biomarker values in Table 22 were within the ranges reported in Table 21, except
in the case of Hsp 70, where some of the results were considerably higher. The
fluctuation between assay means were much smaller than previously reported (Table
21), probably because the age of the fish used in these studies all ranged between 21
and 24 days. PK exhibited the largest fluctuation, with values ranging from 0.0537 to
0.3886 mU/me/mg fish. With the exception of EROD, with CVs ranging from 8 to102%,
the inter-assay variation in Table 22 was much smaller (CVs: <50%) than the inter-
assay variation displayed in Table 21, indicating an improvement in sample handing
and the execution of triplicate assays. The inter-experimental variation (triplicate data
sets) of EROD and PK was >50% in some instances.

An analysis of variance on the triplicate data sets of each experiment (Table 22)
showed that there were significant differences (P<0.05) between some of the biomarker
values. In a few instances all three data sets differed significantly. Some degree of
variation is expected between triplicate exposures, as a result of natural variation.
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TABLE 21:

Expeti-
menl

2

3

A

5

6

7

8

9

10

11

Range

Weight

mg/mj

106.90

105.00

105 00

160.17

251.00

139.64

142.56

72.50

143.57

12397

72.50 to
251.00

Contro biomarker
Protein

mg/mg
fish'

0.0287

0.0613

0.0555

0.0240

0.0204

00193

0 0169

0.0342

0.0166

0.0181

D.0166 to
0.0613

CV

7

5

6

41

51

92

0

3

2

1

0 to
92

values established in juvenile 0
AChE

Microplate assay

Abs/min/
mg lish'

0.0009

0.0012

0 0012

0.0033

0.0041

0.0033

0.0006

0.0014

0.0004

0.0003

00003 to
0 0041

cv
(%)

25

29

18

32

7

40

43

35

33

34

0 to
46

Test k t

UWmg
lish'

0 0134

0.0108

0.0125

0 0061

0.0099

0.0081

0 0003

O.OOOS

0 0003

0.001 i

0.0003
to

0.0140

CV
(%}

12

27

28

30

16

10

76

66

73

109

2 to
109

Glucose

mg/mg
fish'

0.0023

0.0044

0.0043

0.0019

0.0017

0.0024

0.0018

0.0043

0.0026

0.0017 to
0.0044

CV
<%>

0

5

6

5

2

5

3

3

2

8

0 to

32

. mossambicus
EROD

nM/mln/m
fl fish'

0 133B

0.1808

0.0822

0.0944

0.1064

0.1241

0.2231

0.3605

0.1387

0.1612

0.0699 to
0.3605

cv
(%)

5 V

13

5

2

4

3

B

15

27

25

2 to
45

PK

mg fish'

0.4471

0.3097

0.3215

0,2154

0.0320

0.1150

0.2952

0.6691

0.3939

0.4443

0.0201
to

0.6691

CV

7

8

31

27

98

15

11

6

5

12

5 to
98

during single exposures
LDH

U/rmg
fish'

0.0085

0 0092

0 0034

0 0065

0 0013

0.0071

0,0067

0.0120

0.0053

0.0011

0.0011 to
0.0120

cv
(••'.)

2

9

55

6

48

9

10

13

9

110

2 to
110

G-6-P-DH

mg fish'

3 20

4 16

4 67

0.06

ND

ND

NO

ND

ND

ND

006 to
4.67

CV
l%)

25

14

72

15

ND

ND

ND

ND

NO

ND

14lo
72

Msp 70

WITS

mm'/20 M9
protein'

53.12

16 76

7466

45 50

44 40

12201

ND

ND

ND

NO

7 80 to
122.01

RAU

Relative
densi- CV

1y/15[ig (%)
proleln1

ND

NO

ND

Nt)

ND

10 252;

5 095

2 715

3 569

4 033;

4 606

7423;

6152

2 137 to
10 252

ND

ND

NO

ND

NO

7;

13

16

28

14;

5

15; 0

5 to
28

1 Mean of triplicate assays
CV Coefficient of variation
ND Not determined
SV Single value
abs Absorbance
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TABLE 22: Control biomarker values established in juvevenile 0. mossambicus

Experiment

1

2

3

4

5

Assay mean range(n=3)

Assay CV (%) range
Experimental mean (n=9)

Experimental CV (%)

Assay mean range(n=3)

Assay CV(%)ranqe
Expenmenlal mean (n=9)

Experimental CV (%)

Assay mean range(n=3)

Assay CV (%) range
Experimental mean (n=9)

Experimental CV(%)

Assay mean range fn=3)

Assay CV (%] range
Expenmenlal mean (n=9)

Experimental CV (%)

Assay mean range(n=3)

Assay CV (%) range
Experimental mean (n=9)

Experimental CV (%)

Weight

mg/mC

112.00 to 121.05

ND
115.36

4

113 79 to 164.58

ND
141.01

18

153.70 to 180.00

ND
170 43

9

65.00 to91.00

ND
81.80

18

144.12 to 155.56

ND
148.85

4

Protein

mg/mg fish

0.0034 to
0.0435(0)

6 to 31
0.0378

19
0.0440 to
0.0639 (2)

5 to 13
0.0534

18
0.0448 to
0.0758(1)

3 to 39
0.0589

30
0.0257 to
0 0358 (1)

3 to 18
0.0315

17
0.0199 to
0.0380 (2)

4to15
0.0316

29

AChE
Microplate

assay

Ab5/min/
mg fish

0.0017 to
0.0032(1)

10 to 25
0.0024

35
0.0015 lo
0.0028 (2)

13 to 23
0.0020

30
0.0012 to
0.0015(0)

7 lo17
0.0014

16
0.0012 to
0.0021 (2)

11 to 19
0.0016

33
0.0013 to
0.0016(0)

13 to 22
0.0015

18

Test kit

U/Wmg fish

0.0037 to
0.0077(1)

5 to 30
0.0054

41
0.0030 to
0.0069(1)

12 to 41
0.0047

43
0.0049 to
0.0055(5)

7 to 14
0.0052

12

ND

ND
ND
ND

ND

ND
ND
ND

Glucose

mg/mg fish

0 0015 to
0.0017(0)

6 to 14
0.0015

10
0.0011 to
0.0017 (_1)

8 to 16
0.0014

22
0.0011 to
0.0013(0)

?to10
0.0012

10
0.0021 to
0.0033(3)

4 to 11
0.0026

22
0.0012 to
0.0015(1)

6 to 17
0.0013

15

during triplicate exposures
EROD

nM/min/
mg fish

0.0827 to
0.2241 (0)
46 to 102

0.1671
87

0.0642 to
0.0950(1)

8 to 34
0.0832

27
0.1069 to
0.1723(0)
50 to 57
0.1386

52
0.1037 to
0.1819(0)

16 to 50
0.1443

42
0.0701 to
0.1424(0)

9 lo 61
0.1009

44

PK

mU/m*/
mg fish

0 3391 to
0.3886 (0)

9 to 25
0.3684

18
0 0720 to
0.2721 (2)

5 to 33
0.1852

54
0.1226 to
0.2592(0)

2 to 13
0.1909

40
0 0537 to
0.1111 (0)

17 to 46
0.0710

40
0.0958 to
0.2922(2)

81o 38
0.1749

58

LDH

U/e/mg fish

Hsp70

Relative
density/15 yg

protein
0.0079 to 12 520 to
0.0099(2) 13 746(0)

2 to 11
0.0087

12
0.0083 to
0.0095(0)

6 to 29
0.0088

17
0.0059 to
0.0082(1)

1 to 9
0.0071

19
0.0029 to
0.0051 (3)

3 to 10
0.0040

24
0.0069 lo

0.0082
1 to 12
0.0075

10

61o 13
13 043

9
14 339 to
15 685(0)

3!o 6
14 834

6
6 238 to
7 287(11

3 to 4
6 763

9

ND

ND
ND
ND

ND

ND
ND
ND

n Replicates
CV Coefficient of variation
ND Not determined
Abs Absorbance

Number of data sets significantly different (P<0.05) in brackets
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Large variations were most probably due to the non-random distribution of the test fish
or fish handling.

4.1.2.2 Lethal effect of toxicants on juvenile O. mossambicus

Single exposures

Experiments were carried out with cadmium, zinc, PCP and cyanide. Exposure periods
of 8. 24 and 96 h were used in cadmium studies, 24 and 96 h in zinc and PCP studies,
and 24 h in cyanide studies. Between three and four test concentrations were included
in each experiment. The age of the fish used in experiments ranged from 18 to 28

days.

In general, control lethality was within the limit required for acute toxicity tests, namely
<10% during 96 h exposure (Table 23). A large lethality (53%) occurred in the control
fish during the 96 h exposure studies on zinc. The test concentrations in this
experiment exhibited lethalities ranging from 10 to 43%. The offspring used in this
experiment were probably sick or stressed. The 0.025 mg/£ cadmium concentration
exhibited 33% lethality after 96 h exposure.

Control and test pHs were within the limits required for aquatic life (7.0 to 8.5), and
remained fairly stabile during exposure. The oxygen concentrations of the control and
test solutions were >3.0 mg/£ (required minimum limit for aquatic tests) during cadmium,
zinc and PCP experiments. However, oxygen concentrations in test and control
containers were low (between 2.4 and 2.7 mg/£) during cyanide experiments.

Metals can interact with the chemicals used in moderately hard water at high pHs to
form precipitates. The pH of metal concentrations ranged between 7.7 and 8.4.
Although low metal concentrations were tested, and precipitation was not expected, it
was important to verify that chemical interaction did not occur. The measured
concentrations of cadmium and zinc in some of the test solutions are shown in Table
23. In most instances the measured values were slightly lower than the prepared
concentrations. It is expected that the prepared concentrations were more accurate
than the measured values, as large discrepancies were noticed between the analysed
results of two analytical facilities. Chemical analyses were not carried out on PCP and
cyanide because interference with the chemicals in the moderately hard water was not
expected.

Triplicate exposures

Fish were exposed to cadmium for 24 and 96 h. Two cadmium concentrations, namely
0.0025 and 0.025 mg/t were used in exposure studies. The age of the test fish ranged
from 21 to 24 days.

Control lethality was <10% (Table 24). Cadmium did not cause lethality .P
atlkoqna qne c 52 d atlkoqna( pda , ,,.1 ic I concentration exhibited 17 % lethality
and the 0.025 mg/f concentration exhibited 25% lethality.
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TABLE 23: Lethal effect of cadmium, zinc, PCP and cyanide on juvenile O.
mossambicus during single exposures

Toxicant

Cadmium

Zinc

PCP

Cyanide

Exposure
period (h)

8

24

96

24

96

24

96

96

24

24

Age of
fish

(days)

28

21

28

28

18

21

18

18

21

21

Test concen-
tration (mg/€)

Control
0.05(0.029)
0.1 (0.054)
0.2(0.115)
0.4 (0.25)
Control
0.011

0.022(0.015)
0.05

0.1 (0.081)
Control
0.0031
0.0063

0.0125(0.017)
0.025(0.024)

Control
0.25
0.5

1.0(0.059)
2.0(0.115)

Control
0.125
0.25

0.5(0.305)
1.0(0.606)

Control
0.02
0.04
0.08
0.1

Control
0.00125
0.0025
0.005
0.01

Control
0.00125
0.0025
0.005
0.01

Control
0.0625
0.125
0.25

Control
0.0625
0.125
0.25

pH

8.3
ND
ND
ND
7.8
8.5
ND
ND
ND
7.7
8.3
ND
ND
ND
8.1
8.5
8.5
8.5
8.4
8.4
8.1
ND
ND
ND
8.0
7.0
7.1
7.2
7.3
7.3
7.2
ND
ND
ND
7.1
7.3
7.3
7.2
7.2
7.3
7.9
8.0
7.9
7.9
7.9
8.0
7.9
7.9

Oxygen concentration
(mg/€)

Start

5.1
ND
N

ND
4.5
5.4
ND
ND
ND
4.0
5.1
ND
ND
ND
4.6
3.5
3.7
3.7
3.6
3.5
3.7
ND
ND
ND
3.6
4.3
4.3
4.3
4.3
4.3
4.7
ND
ND
ND
4.8
4.4
4.5
4.6
4.5
4.6
2.5
2.7
2.4
2.4
2.5
2.7
2.4
2.4

Comple-
tion
4.0
ND
ND
ND
4.3
5.4
ND
ND
ND
3.0
3.5
ND
ND
ND
3.9
ND
ND
ND
ND
ND
3.4
ND
ND
ND
3.5
4.0
4.0
4.0
4.0
4.0
5.2
ND
ND
ND
5.3
4.3
4.4
4.3
4.4
4.4
ND
ND
ND
ND
ND
ND
ND
ND

Lethality
(%)

0
0
0
0
0
0
0
0
0
0
13
10
13
13
33
0
0
0
0
0

53
10
43
47
30
10
0
3
7
3
0
0

10
0
0
0
0
0
0
0
7
0
0
7
3
0
0
3

ND Not determined
Results in bold indicate acute toxicity
Measured concentration in brackets
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TABLE 24: Lethal effect of cadmium
triplicate exposures

Exposure period (h)

24

96

Age of fish (days)

21

24

on juvenile O. mossambicus during

Test concentration
(mg/€)
Control
0.0025
0.025

Control
0.0025
0.025

Lethality (%)

0
0
0
0
17
25

Results in bold indicate acute toxicity

4.1.2.3 Effect of toxicants on biomarker activity

Single exposures

The effect of cadmium, zinc, PCP and cyanide on biomarker activity is shown in Table
25. Results are expressed as the percentage induction or inhibition, calculated in terms
of the control data presented in Table 21.

Analysis of variance

An analysis of variance (Student's t-test) was carried out on test and control data to
establish if effects were significant at the P<0.05 level.

In general, protein was not significantly affected by cadmium (Table 25). Only one
concentration, namely 0.4 mg/£, exhibited a significant inhibition (76%) during the 8 h
exposure period. AChE activity was significantly induced by the upper test
concentrations during the 8 and 24 h exposures. Glucose showed a significant
induction during 8 h exposure to 0.4 mg/JJ cadmium. The lower concentrations (0.05 to
2.0 mg/£) caused significant inhibitions. EROD activity was significantly induced by 0.2
and 0.4 mg/f cadmium during the 8 h exposure period. Likewise, the 0.0125 and 0.025
mg/l concentrations induced EROD activity during the 96 h exposure period. In
general, Hsp 70 activity was not affected during 8 and 24 h exposure. During the 96 h
exposure period, Hsp 70 was significantly inhibited by the 0.025 mg/f concentration,
and significantly induced by the 0.0125 mg/f concentration. Fish homogenates were not
analysed for AChE (test kit), PK, LDH and G-6-P-DH, because samples were lost due
to a power failure.

Zinc caused large effects on protein (Table 25), but because of the large variations
between triplicate test and control data, effects were not significant. AChE activity was
significantly inhibited by the upper test concentrations.during 24 h exposure when using
the microplate assay. The same concentrations caused significant inductions when
AChE activity was measured with the test kit. EROD was significantly induced by the
1.0 and 2.0 mg/£ zinc concentrations during 24 h exposure. Effects were not significant
during 96 h exposure. G-6-P-DH activity was not significantly affected by zinc during
the 24 h exposure period. The assay could not be applied to the homogenates of the
96 h experiment, because sample volumes were limited as a result of the lethalities
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TABLE 25: Effect
Toxicant

Cadmium

Zinc

PCP

Cyanide

Exposure
period (h)

8

24

96

24

96

24

96

96

24

24

of cadmium, zinc, PCP and cyanide on the
Test

concentration
(mg/e>

0.05

0.1
0.2
0.4

0.011
0.022
0.05

0.1
0.0031
0.0063
0.0125

0.025

0.25
0.5

1.0

2.0

0.125
0.25

0.5

1.0
0.02
0.04
0.08

0-1

0.00125
0.0025
0.005

0.01

0.00125

0.0025

0.005

0.01

0.0625

0.125

0.25

0.0625

0.125

0.25

Protein
AChE

Microplate assay Test kit

' biomarker activity of test fish
Glucose EROD PK

during sin<gle exposures
LDH G-6-P-OH Hsp70

Induction <+) of inhibition (-) (%)
-20
-7

-28

-76*
+8
+2
+4
+4

-12
-29
+ 1

+ 14

+34

+46
+47

+3

+85
+31

+51

-53

- 11 *
-17*

-28*

-36
-37
-32

-37

+7

+ 1

-1

+ 10

+27*

+62*

+25*

+36*

+28*

+30*

+29
+44

+159*
+277*

+28
+188*

+12*
+64*

-42
-40
•28

-39

-55

-73*
-76"

-52*

+30
+24

-39

+64
-17

+83
0

-33*
-23

+ 368
+627

+381*

+8

+50

+25

+50

+50

+25

+75

+133*

+100*

+67*

ND20*
ND
ND

ND
ND
ND

ND
ND
ND
ND
ND

ND

+22

+109*

+86*
+132*

+ 13
-26

+ 14

+ 15

-47*

-30
•45*

-22'

+33
+132
+121*

+97*

-47

-16

+8
+38

+59

+50

+ 102

-86

+ 17

-11

-31*

-25*
+82*

0

+9
+9

+ 13
-29
+ 1

+8
•11

-34*

0

0
-2

-18*

-30*
-31*

-17*

+5
-12

0
-1

+8
+30
+8

+50*

-4

-8

-6
+2

+18

+28

+27*

+24

+11

+8

+24
-3

+34*

+214*

•33
-17

•9
+4
+7
+6

+41*

+26*
-37*

+ 13

+41*

+22*

+ 10
8

0

+12

0
+8

-32
+32

+62
+40
+ 34

+68

+66*
+79*

+72*

+77*

+39

+ 31

+26

+4

+20

+120*

ND
ND

ND
ND
ND

ND
ND
ND
ND
ND

ND

ND
-92*

+ 12

-17

-29

-35
-9

-42

+9

-43
-71

-75
-89

-3

+45
+41

+69

+13

+10

+ 17

-20

+49'

+60*

+66*

+31*

+67*

+ 15

ND
ND

ND
ND

ND
ND

ND
NO
ND
ND
ND

ND

-44*
+2

•6
-11

-33*

-40*
-37*

-16

+62*

+8
+149*
+144*

-19
-3

+44

+44*

+126*
+122*

+131*

+149*

+9

+7

+30

-86

+ 17

-11

ND
ND

ND
ND

ND
ND

ND
ND
ND
ND
ND

ND

-80

ND
-30

-81
ND
ND

ND

ND

+60'
+66

-23
+ 19

+152*
+33

+56

-36

-38

+39

-26

+3

ND

ND

ND

ND

ND

ND

+1
+ 1

+16*

+28
-40*

-9
-1

ND
+5
ND

+41*

-39*
•92

-42

ND

-90

-12
-13

-66*

-61*

-72

-58

+ 126
•57

-5
-32

-7
-1

+ 190

+22

-80

-19

+26*

-18

+ 19

+30*

+72*

+116*
ND Not determined Results marked with an asterisk and in bold are significantly different from controls at P<0.05
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occurring during the experiment (Table 23). In general, glucose, PK and LDH were not
significantly affected during the 24 h exposure studies. During 96 h exposure, glucose
and LDH were significantly inhibited, while effects on PK were not significant. The
upper test concentrations caused significant inhibitions in Hsp 70 activity during 96 h
exposure. Some of the inhibiting effects observed during 24 h exposure were very
high, but results could not be analysed for significance because triplicate data were not
available. Large lethalities occurred in test and control fish during the 96 h exposure
study (Table 23). This could have caused or contributed to the inhibitions observed in
glucose, LDH and Hsp 70.

Protein was significantly inhibited during 24 h exposure to PCP (Table 25). Effects
were not significant during longer exposure. AChE was significantly inhibited by some
test concentrations during 24 h exposure, and significantly induced during 96 h
exposure. Effects on glucose and EROD were not significant during 24 h exposure.
Some of the upper test concentrations induced glucose and EROD during 96 h
exposure. In general, PK and G-6-P-DH were not significantly affected by PCP.
Significant inductions occurred in LDH activity during 24 and 96 h exposure. The Hsp
70 results were erratic, showing inhibition in some instances and induction in others.
Since triplicate results were not available, an analysis of variance could not be carried
out.

Protein was significantly induced by cyanide after 24 h exposure (Table 25). AChE
showed significant induction in the microplate assay, while no significant effects were
displayed with the test kit. Glucose, EROD, PK and Hsp 70 were significantly induced
by some of the test concentrations, while effects on LDH were not significant.
G-6-P-DH assays were not carried out because of limited sample volumes. The low
oxygen concentrations detected in test and control containers during cyanide exposures
(Table 23) could have stressed the fish, contributing to the increased protein, Hsp 70
and PK levels.

Total protein has been shown to be a useful biomarker in several fish exposure studies.
Sastry and Shukla (1994) found that cadmium (11.2 mg/f) inhibited the muscle protein
of the fish Channa punctatus during 24 day exposure studies (-27%). The brain, gill,
liver, muscle and blood protein of carp, killifish and catfish was also affected by
mercury, cypermethrin and aldrin (Appendix 1). Reddy and Bashamohideen (1995)
reported inhibitions of between 21 and 30% during 24 h exposure offish to 20 ug/£
cypermethrin. No information could be found on the effect of the other chemicals on
protein. The result obtained with 0.4 mg/^ cadmium during 8h exposure (-76%)
(Table 25) was in agreement with the above findings. However, no significant inhibition
in protein was noticed at lower cadmium concentrations or during exposure to zinc.
PCP significantly inhibited protein during 24 h exposure, while cyanide increased
protein levels. The major variations observed in protein values could be an indication
of protein degradation.

AChE activity is not only affected by organophosphate and carbamate pesticides.
Adverse effects by several metals have been reported (Heath, 1995). The binding of
metallic cations to AChE can alter enzyme activity by inhibiting or stimulating the
catalytic function of the enzyme. Najimi et al. (1997) found AChE inhibition during
cadmium and zinc exposure studies. The neurotoxin, PCP, has also been found to
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inhibit AChE activity (Fossi et al., 1995; Parks and LeBlanc, 1996). During our
exposure studies, some of the zinc concentrations caused a significant inhibition in
AChE activity when using the microplate inhibited by PCP during
24 h exposure, but induced during 96 h exposure. The enzyme was also induced by
cadmium and cyanide during the shorter exposure periods.

Glucose levels can be increased or reduced. An increase in blood glucose levels
(hyperglycaemia) is a general response to stress. During exposure to chemicals such
as cadmium and zinc, the metal accumulates in the pancreatic isles of the fish and
causes damage to the insulin-producing cells in the pancreas. The decease in insulin-
secretion rate causes hyperglycaemia (Heath, 1995; Larsson et ai, 1976). When a
reduction in glucose occurs during exposure to metals, it could be due to the depletion
of liver glycogen or the excretion of glucose by the kidneys. Fish exposed to PCP tend
to mobilise liver glycogen into blood glucose (glucose induction). PCP also enhances
tissue metabolism and there is a possibility that PCP causes damage to the insulin
producing beta cells in the pancreas (Heath, 1995). Sub-lethal concentrations of
cyanide alter the carbohydrate metabolism by causing an increase in glycogen
breakdown, elevation in blood glucose levels and a shift from aerobic to anaerobic
metabolism in fish (Solomonson, 1981). In general, glucose was inhibited by cadmium
and zinc during our exposure studies. Some PCP and cyanide concentrations caused
an increase in glucose.

Organic chemicals cause the induction of EROD synthesis, but exposure to metals can
lower the mixed function monooxygenase activity (Heath, 1995). Inhibition of
cytochrome P450 1A mediated catalytic activity occurs when fish are exposed to high
levels of cadmium (Jasic et ai, 1998; George, 1989; Livingstone, 1993). Fossi et al.
(1995) found that the EROD enzyme activity was highly induced in fish exposed to
PCP. The sensitivity of the cytochrome P450 system to cyanide is so low that this
chemical has very little biological significance to the cytochrome P450 system.
However, in a study by Solomonson (1981), P450 was inhibited by sub-acute levels of
cyanide. In our studies (Table 25) EROD was induced by cadmium, instead of
inhibited. The conflicting results could be due to the low cadmium concentrations used
in our studies. EROD was also significantly induced by some of the zinc, PCP and
cyanide concentrations.

Metals such as zinc were found to inhibit PK activity in fish (Isani et al., 1994). PCP
exposure causes significant alterations in metabolic enzyme activities. PCP enhances
aerobic activity, which decreases glycolysis. PK is therefore reduced by PCP {Bostrom
and Johansson, 1972). Cyanide inhibits aerobic respiration (Rattnerand Heath, 1995;
Lanno and Dixon, 1996). Glycolysis is therefore reduced with a concomitant reduction
in PK. PK was not significantly inhibited during our cadmium, zinc and PCP exposure
studies (Tables 25). PK was induced by cyanide, instead of reduced.

Metal exposure causes damage to gill tissue (Hoogstrand et ai, 1994). The resulting
cell necrosis causes the release of LDH in the blood (Roijk et al., 1983; Nemcsok and
Benedeczky, 1995). Exposure to zinc should therefore induce LDH. PCP and cyanide
have been found to inhibit LDH activity (Bostrom and Johansson, 1972; Rattner and
Heath, 1995; Lanno and Dixon, 1996). Our results showed LDH inhibition by zinc
instead of induction. PCP caused an induction in LDH instead of an inhibition as
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reported in literature.
G-6-P-DH is a biomarker for metabolic stress (Vigano et a/., 1995) and is not affected
by metal contaminants. PCP enhances aerobic activity, which decreases glycolysis.
As a result G-6-P-DH activity is increased due to higher substrate availability (Bostrom
and Johansson, 1972). The activity of the pentose phosphate shunt enzyme, G-6-P-DH
is significantly increased when fish are exposed to cyanide (Solomonson, 1981). Zinc
exposure studies showed that G-6-P-DH was not affected by zinc, which was in
agreement with the findings of Vigano et al. (1995). Likewise, the enzyme activity was
generally not affected by PCP.

Information on the effect of chemicals on Hsp 70 activity in aquatic systems was limited.
Vedel and Depledge (1995) found an induction of 47% in Hsp 70 in the gills of crab
using 100 ug/f copper and a two week exposure period. The significant inductions in
Hsp 70 during some of the cadmium and the cyanide exposures are in agreement with
the findings of Vedel and Depledge (1995). However, Hsp 70 showed inhibition during
zinc exposure.

Comparison between lethal and sub-lethal effects

The results in Tables 23 and 25 show that the concentrations of cadmium and zinc that
exhibited significant biomarker responses during 8 and 24 h exposure, caused lethality
during the 96 h exposure. The biomarkers thus acted as early warning signals for acute
toxicity. The significant responses detected during 96 h exposure, occurred at lethal
concentrations. This suggested that the biomarkers were not sufficiently sensitive to
detect the metals, cadmium and zinc, at sub-lethal concentrations. PCP caused
significant biomarker responses at sub-lethal concentrations during shorter (24 h) and
longer exposure (96 h) periods. The sensitivity of some biomarkers was enhanced by
10 to 60 times upon longer exposure. As in the case of metals and PCP, cyanide
exhibited significant biomarker responses at sub-lethal concentrations during 24 h
exposure. Unfortunately, no comparisons could be made with longer exposure periods,
as only 24 h studies were carried out.

Regression analysis

The concentration-response curves obtained for some of the biomarker data sets in
Table 25 are presented in Figures 1 to 4. In general, no significant concentration-
response functions were observed after 24 and 96 h exposure. Curves either showed
an upward-downward or downward-upward trend at increasing concentrations, or
reached plateaus parallel to the x-axis (Figs. 2, 3 and 4). Similar concentration-
response relationships were observed in a study by De Coen et al. (2001) on G-6-P-
DH, PKand LDH activity in the crustacean Daphnia magna after 48 and 96-h exposure
to mercury and lindane. Significant fits (linear regression) were obtained for all
the
biomakers after 8 h exposure to cadmium (Figure 1), which allowed the calculation of
toxicity endpoints. AChE, glucose, EROD and Hsp 70 showed elevated activity at
higher test concentrations, while protein levels decreased.
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FIGURE 1: Concentration-response curves obtained for protein, AChE, glucose,
EROD and Hsp 70 after 8 h exposure to cadmium
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FIGURE 2: Concentration-response curves obtained for protein, AChE (M -
microplate assay; T - test kit) glucose, EROD, PK, LDH and Hsp 70
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after 96 h exposure to zinc
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FIGURE 3: Concentration-response curves obtained for protein, AChE (M -
microplate assay; T-test kit) glucose, EROD, PK, LDH, G-6-P-DH
and Hsp 70 after 24 h exposure to PCP
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FIGURE 4: Concentration-response curves obtained for protein, AChE (M
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microplate assay; T - test kit) glucose, EROD, PK, LDH and Hsp 70
after 24 h exposure to cyanide (first of two experiments)

Toxicity endpoints

The toxicity endpoints (effect threshold values) derived by means of analysis of
variance (LOEC - lowest of consecutive concentrations at which biomarker activity was
significantly different from the control) (Table 25) and regression analysis (EC20 -
concentration causing a 20% induction or inhibition in biomarker activity) (Figure 1) are
summarised in Table 26.

Minimum effect concentrations of sub-lethal tests are usually expressed as an EC1fl or
EC20. These toxicity endpoints are based on the variability of control results (Slabbed
etal.. 1998a). Since large variations occurred in control biomarker activities (Tables 21
and 22), it was decided to use an EC20 rather than an EC10as endpoint for regression
analysis.

The 8-h LOECs of protein, AChE, EROD and Hsp 70 (Table 26) were between two to
four times higher than the calculated EC20s, while the LOEC of glucose was
approximately four times lower than the EC20. The endpoints differed because a fixed
variation of 20% was used for the EC20 while the actual variations of test and control
data usedforthe analysis of variance (LOECs) were higher (protein, AChE, EROD and
Hsp 70) or lower (glucose). Although control biomarker variation in the study of De
Coen et al. (2001) was generally <10%, the EC10s (used as endpoint for regression
analysis) were also between two to six times lower than the LOECs. Similar differences
were noticed between the EC10s and LOECs of 21-day Daphnia growth and
reproduction tests (De Coen et al., 2001). Because of the large differences in the
control variation of the different biomarkers studied (section 4.1.2.1 and Table 21), and
because regression analysis was not possible for most of the results, the use of a fixed
endpoint such as an EC20 does not appear to be appropriate.

Table 26 shows that in some instances shorter exposure periods resulted in lower
LOECs (e.g. cadmium 8-h LOEC for glucose; zinc 24-h LOECs for AChE and EROD),
while in other instances LOECs were lower during longer exposure (e.g. cadmium 96-h
LOECs for EROD and Hsp 70; zinc 96-h LOECs for glucose, LDH and Hsp 70; PCP
96-h LOECs for EROD and LDH).

The differences in sensitivity of duplicate experiments could be attributed to larger
variations between replicate results, and therefore test results were not significantly
different from control results, or to variability in the sensitivity of the test fish.

Triplicate exposures

The results of cadmium exposure studies (percentage induction or inhibition) carried
out on triplicate sets of fish are shown in Table 27. In general, responses were similar
to those observed during single exposure studies (Table 25). Cadmium was more toxic
during 24 h exposure than during 96 h exposure, causing significant inductions at the
0.0025 and 0.025 mg/t concentrations on AChE and EROD. As was found during
single exposures, the concentrations of cadmium that exhibited significant biomarker
responses during 24 h exposure, caused lethality during 96 h exposure (Tables 24 and
26).
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TABLE 26: LOEC and EC20 values obtained for the different biomarkers after 8,24 and 96 h exposure to cadmium, zinc, PCP
and cyanide

Toxi-
cant

Cadmium

PCP

Cyanide

Expo-
sure

period

8

24
96
24
96
24
96
96
24
24

Upper
test
con-

centra-
tion

0.4

0.1
0.025

2.0
1.0
1.0

0.01
0.01
0.25
0.25

Toxicity
endpoi

nt
(mg/e)

LOEC

(ind2)
E C 20
(inh)

LOEC

Biomarker

Protein

0.4

NA

0.0886

NT
NT
NT
NT
NT
NT
NT

<0.0625
<0.0625

AChE

Micro-
plate
assay

0.2

0.0596

NA

0.022
NT
0.5
NT
0.1

0.01
NT
NT

<0.0625

Test kit

ND

ND

ND

ND
ND
0.5
NT

0.08
0.005

NT
NT
NT

Glucose

<0.05

02128

NA

NT
NT
NT

50125
NT

0.01
NT

0.25
NT

EROD

0.2

0.0825

NA

NT
0.0125

1.0
NT
NT
NT

£0.00125
NT

0.25

PK

ND

ND

ND

ND
ND
NT
NT
NT
NT
NT

<0.0625
NT

LDH

ND

ND

ND

ND
ND
NT

<0 125
0.08
0.01

50.00125
NT
NT

G-6-P-DH

ND

ND

ND

ND
ND
NT
ND
NT
NT
NT
ND
ND

Hsp70

NT

0.2818

NA

NT
0.0125

NT
0.5
NT
NT
NT
NT

50.0625

NA Not applicable
ND Not determined
NT Not toxic
ind 20% induction in biomarker activity
inh 20
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TABLE 27: Effect of cadmium on the biomarker activity of test fish during
triplicate exposures

Exposure
period (h)

24

96

Test
concen-
tration
(mg/C)

0.0025

0-025

0.0025

0.025

Protein AChE Glucose EROD PK LDH

Induction (+) or inhibition (-) {%)

+7

-11

-5

-8

+675*

+269*

-13

+33

+42"

+2

+9

+28

+66*

+123*

-40*

-7

+3

-39

-24

-18

-42*

-13

0

+27

Results marked with an asterisk and in bold are significantly different from controls at P<0.05

4.2 Field Studies

Field studies were carried out on the Rust de Winter Dam (reference site), Loskop Dam
and Hartbeespoort Dam. Fish were sampled in January (summer) and June 2000
(winter). Where possible 20 adult fish (including males and females) were caught.

4.2.1 Physical-chemical quality of dam water

The water quality results of the different dams are presented in Table 28. The pHs of
the samples were within the required limits for aquatic life. With the exception of the
Rust de Winter Dam sample taken in winter, having a low pH of 6.3, the pHs were
generally higher than those reported in Table 11 (historical data). The conductivity of
the Rust de Winter Dam sample taken in winter was lower than the historical data
(Table 11), while the conductivity obtained for the Loskop Dam summer sample was
higher. DOs were low in the Rust de Winter and Hartbeespoort Dam samples taken in
winter (3.0 and 3.2 mg/£, respectively).

TABLE 28: Measured quality of dam water

Determinand

Date

Temperature (°C)

pH

DO (mg/t)

Conductivity (mS/m)

TDS <mg/£)

Rust de Winter Dam

Summer

14/01/00

25.7

8.3

11.1

17.8

88.9

Winter

05/06/00

15.5

6.3

3.0

13.6

ND

Loskop Dam

Summer

15/01/00

26.3

9.2

12.3

40.9

203

Winter

06/06/00

18.1

8.6

5.2

30.9

308

Hartbeespoort Dam

Summer

08/02/00

23.1

9.3

7.6

51.0

233

Winter

08/06/00

16.8

8.5

3.2

48.0

ND

ND Not determined
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4.2.2 Fish weight, length and gender

Table 29 shows the weight, length and gender of the fish collected in the various dams.
The lengths and weights of the fish collected during summer in the different dams were
all significantly different (P<0.05) from each other (fish in Loskop Dam were the largest,
followed in order of magnitude by fish in Rust de Winter Dam and fish in Hartbeespoort
Dam). The length of the fish collected in winter in the Loskop Dam were significantly
different from that of the fish in Rust de Winter Dam. while there was no significant
difference between the length of the fish in the Rust de Winter Dam and the
Hartbeespoort Dam and between the length of the fish in the Loskop Dam and
Hartbeespoort Dam. The weight of the fish collected in winter were all significantly
different from each other (fish in Loskop Dam were the largest, followed in order of
magnitude by fish in Hartbeespoort Dam and fish in Rust de Winter Dam). There was
no significant difference between the sizes (lengths and weights) of the fish collected
in summer and winter in the Rust de Winter Dam. However, the fish collected in winter
in the Loskop and Hartbeespoort Dams were significantly larger in winter than in
summer. Differences in fish size can result in different biomarker levels (Chen ef
a/..1998). For the best comparison it is important to collect the same size fish at
reference and polluted sites.

TABLE 29: Weight, length and gender
Parameter

Number of fish

Length
(cm)

Weight
(kg)

Gender
(number)

Range

Mean

CV (%)

Range

Mean

CV (%)

Male

Female

Rust de Winter Dam

Summer

18

28.5
to42.0

35.8

11

0.5to1.7

0.90

36

5

13

Winter

20

25.0
to43.0

37.9

11

0.23 to1.6

1.07

28

11

9

offish present in dams
Loskop Dam

Summer

20

35.0
to47.0

39.0

9

0.75to2.1

1.21

34

2
18

Winter

20

36.0
to49.0

41.4

8

1.15 to2.5

1.71

22

11

9

Hartbeespoort Dam

Summer

15

23.0
to34.0

^4.9

11

0.3 lo 0 55

0.36

18

3

12

Winter

15

28.5
to47.0

40.3

12

1 1 to 1 9

1.36

28

6

8

During the summer sampling period, most of the fish were female, while in winter the
distribution was more equal.

4.2.3 Biomarker activity in fish present in different dams

The biomarker activity in fish collected from dams are expressed in terms of protein. All
the organs except the brain was analysed for protein. Protein was determined with the
micro Bradford assay. The protein levels detected in whole blood, erythrocytes, blood
plasma, and liver homogenate are summarised in Table 30.

Protein levels were the highest in erythrocytes, followed in order of magnitude by whole
blood, blood plasma and liver. The whole blood protein levels were higher in Rust de
Winter and Loskop Dam fish sampled in winter, while the levels were similar in
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Hartbeespoort Dam fish. Erythrocyte levels were lower in Rust de Winter and Loskop
Dam fish sampled in winter, but higher in the Hartbeespoort Dam fish sampled in winter.
Blood plasma protein were slightly lower in fish sampled in winter. Liver protein was
higher in winter in Rust de Winter and Hartbeespoort Dam fish, but similar in Loskop
Dam fish.

The erythrocyte protein in replicate fish showed the least variation (CVs: 15 to 30%).
Large variations occurred between the results obtained for whole blood, blood plasma
and liver protein (CV: whole blood - 18 to 52%; erythrocytes - 5 to 85%; liver - 25 to
52%).

Protein in fish homogenates (Table 20) were between 10 and 50 times lower than the
protein levels in whole blood, between 5 and 25 times lower than the protein levels in
blood plasma and between 3 and 20 times lower than the protein in liver.

TABLE 30: Protein levels found in whole blood, erythrocytes, plasma and liver
offish collected from dams

Dam

Rust de
Winter

Loskop

Hartbees-
poort

Season

Summer

Winter

Summer

Winter

Summer

Winter

Measure

Number of
samples

Mean (mg/mt)
CV{%)

Number of
samples

Mean (mq/ml)
CV(%)

Number of
samples

Mean (mg/mC)
CV (%)

Number of
samples

Mean (mg/mC)
CV {%)

Number of
samples

Mean {mg/mE)
CV (%)

Number of
samples

Mean fmq/mt)
CV (%)

Whole
blood

18

63.60
36

19

130.27
27

19

58.36
30

20

123.60
52

14

123.35
18

14

127.75
35

Erythro-
cytes

17

326.94
86

20

225.12

Blood
plasma

18

53.39
26

17

47.15
12 20

19

509.77
55

20

259.37
19

15

184.11
5

14

302.11
52

19

57.10
27

20

46.27
15

14

53.27
30

14

42.883
19

Liver

18

29.09
39

20

43.07
27

20

34.57
37

20

34.83
26

15

18.78
52

14

39.90
25

CV Coefficient of variation

Biomarker levels in fish sampled from different dams are shown in Tables 31 and 32.
All the biomarkers, except ions <mmol/£) and AChE in brain (U/f), are expressed as mg
protein. Single assays were carried out on all the samples because of limited sample
volumes. ALA-D activity was determined in whole blood and AChE in erythrocytes
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Table 31: Biomarker levels found in fish present in different dams during summer

Dam

Rust de
Winter

Loskop
Dam

Hart-
bee s-
poort
Dam

Measure

Number of
samples

Range

Mean

CVf%)

Number of
samples

Range

Mean

CV(%)

Significant
effect?

Number of
samples

Range

Mean

CV'%)

Significant
effect ?

Whole
blood

ALA-D
activity
(U/mg

protein)

16

4 51 to
32 03

16 09

47

19

0.82 to
21.14

5 60

78

Yes linh)

14

2.60 to
15.63

7 73

14

Yes (inn)

Erythro-
cytes

AChE
activity

(abs/min/
mg

protein)

15

0.0001 ;o
0 003

0.0006

121

14

Plasma

Glucose
fevel

(mg/mg
protein)

18

0.013to
0 06-1

0.024

54

17

LDH
activity
(U/E/mg
protein)

18

Oto
0 0246

o.ooeo
97

19

Osmotic ions (mmol/?)

Calcium

18

0 88 to
1.86

1.34

27

19

0 00003 tc 0.012 to Oto 0 87 to
0 0006 0 038 0.0136 1.98

0 0002

73

No

15

0.00006 to
0.001

0.0006

47

No

0 022

36

No

14

0.001 to
0.047

0 017

76

No

0 0035

102

No

13

0.0059 lo
0 0274

00122

53

Yes find)

1.55

22

No

13

0.54 to
1.40

0.87

33

Yes (red)

Potas-
sium

15

6 6 to
9.8

8.15

12

12

8 Oto
100

89

7

No

7

6 Oto
9.7

83

16

No

Sodium

18

146to
167

155

5

19

146 to
197

168

8

Yes (me)

13

138 to
163

150

5

Yes (me)

Liver

EROD
activity
(nM/min/

mg
protein)

18

0.345to
1 169

0813

33

20

0.36 io
1.79

1 011

33

No

15

0.539 lo
1.538

1 059

27

No

G-6-P-DH
activity
(mWmtl

mg
protein)

17

Oto
33 84

4 67

219

20

Oto
31 98

6 79

142

ND

15

0-93 to
53

25.57

125

ND

Giycogen
level

(mg/100
mg liver)

18

0.050 to
23 74

567 0

112

20

31 24 to
1 228 76

515 39

65

No

15

4.8 to
576 0

86 0

172

No

LDH
activity
(UWmg
protein)

16

Oto
0 0314

0 0090

95

19

0.0049 to
0.0160

00110

32

No

15

0 0084 to
0 0583

0 0249

67

Yes(md)

PK activity
(mU/mf/

mg protein

17

Oto
0 6241

0.1692

138

20

Oto
0 0553

0 2290

93

No

15

Oto
1.0623

0.1241

229

No

Brain

AChE
activity

<U/€)

18

01017 to
1.8221

0 9884

51

20

Oto
1 517

0.5928

59

No

13

0.2268 to
1 1fl0fl

0.7267

37

No

CV
ND
Ind
Inh
Red
Inc

Coefficient of variation
Not determined
induction
Inhibition
Reduction
Increase
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Table 32: Biomarker levels found in fish present in different dams during winter

Dam

Rust de
Winter

Loskop
Dam

Hart-
bees-
poort
Dam

Measure

Number of
samples

Range

Mean

CV 1 %)

Number of
samples

Range

Mean

CV i % |

Significant
effect'

Number of
samples

Range

Wean

CV(%)

Significant
effect ?

Whole
blood

ALA-D
activity
(U/mg

protein)

19

0 094 to
2.535

1.22

52

17

0,152 to
5.095

0.91

126

No

11

0 181 to
3415

1 12

90

No

Erythro-
cytes

AChE
activity

(abs/mln/
mg

protein)

17

0 0002 to
0.001

0 0005

54

18

0.0002 to
0.001

0.0005

51

No

11

0 0001 to
0 001

0,0005

57

No

Plasma

Glucose
level

(mg/mg
protein)

17

0 005 to
0 023

0016

34

20

0.006 to
0,033

0.021

35

Yes (mdi

14

0 012 to
0.057

0 024

47

Yes(ind)

LDH
activity
(UK/mg
protein)

16

Oto
0 0189

0 0046

119

19

Oto
0,0139

0,0043

104

No

12

0.005 to
0.0302

0.0083

102

No

Osmotic ions (mmol/f)

Calcium

17

0 95 to
1 44

1 10

14

20

1 89 to
2.68

2,16

11

Yes (inc)

14

1.74 10
2 44

2.06

11

Yes(inc)

Potas-
sium

15

4 4 to
99

5 8

25

20

2 9 to
72

4.46

22

Yes I red)

14

3 9 to
6 3

46

14

No

Sodium

17

154 to
182

170

4

12

182 td
196

189

3

Yes line]

7

186to
200

192

3

No

Liver

EROD
activity

{nMlm\nl
mg

protein)

20

0.453 to
2.083

0 874

54

19

0 070 to
1 356

0 493

77

Yes(mh)

14

0.849 to
2.350

1.295

29

Yes (indi

G-6-P-DH
activity
(mil/me/

mg
protein)

20

0 to
23.02

4 33

170

19

Oto
36 04

6.47

154

ND

14

Oto
40.71

9.00

150

ND

Glycogen
level

(mg/100
mg liver)

20

766 86 to
2 554.38

1 349 86

32

20

684 162 to
3 428-12

1 450 89

41

No

14

208 354 to
2 571,01

1 569.39

39

No

LDH
activity
(U/«/mg
protein)

20

Oto
0.0067

0 0020

98

19

Oto
0.0174

0 0044

111

No

14

Oto
0,0111

0.0034

105

No

PK activity
(mU/m/

mg
protein)

20

Oto
0 3208

0 0579

164

19

Oto
1.6798

0 2200

198

No

14

Oto
0.8099

0.2207

124

Yes(ind)

Brain

AChE
activity
(Uft/mg
protein)

20

0 5318 to
1.3138

0 7609

22

19

0.5396 to
1.2903

0 9170

20

Yesundl

14

0 43 to
2.0879

1.0697

39

No

CV
ND
Ind
Inh
Red
Inc

Coefficient of variation
Not determined
Induction
Inhibition
Reduction
Increase
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(miain homogenate (test kit). Blood plasma was analysed for
glucose and LDH activity, and osmotic ion concentrations. EROD, PK, LDH, G-6-P-DH
and glycogen assays were carried out on liver samples. Hsp 70 was not determined.
The tables indicate where significant differences (P<0.05) between the Rust de Winter
samples (reference) and the other dam samples (polluted) occurred.

ALA-D activity was not significantly affected in winter, while the summer samples
showed inhibition. AChE in blood showed no significant induction or inhibition at any of
the sampling occasions. AChE in the brain of fish of Loskop Dam was induced in
winter. The Loskop Dam and Hartbeespoort Dam fish showed increased glucose levels
in blood plasma in winter, but not in summer. The AChE activity in brain was
considerably higher than the AChE activity in blood. LDH activity in blood plasma was
not affected in winter, but the fish collected from the Hartbeespoort Dam in summer
showed induced activity. The sodium levels were significantly higher in the blood of
Loskop Dam and Hartbeespoort Dam fish in summer, while the calcium in the blood of
Hartbeespoort Dam fish was significantly lower. Potassium levels were unaffected. An
increase in blood calcium was noticed in Loskop Dam and Hartbeespoort Dam fish in
winter. The Loskop Dam fish collected in winter also showed a significant reduction in
potassium but an increase in sodium. EROD activity was induced in the liver offish of
Loskop Dam and Hartbeespoort Dam in winter, while no significant effects occurred in
summer. Liver glycogen was not affected at any of the sampling occasions. LDH liver
activity was induced in Hartbeespoort Dam fish during summer. No significant changes
were noticed in the fish in winter. The LDH activity in Loskop Dam fish was not
affected. In general, the LDH levels in the liver and blood were similar. The liver PK
activity was not significantly affected in summer, but in winter the Hartbeespoort Dam
fish showed an induction. PK results showed large variation (CV: 93 to 229%).
G-6-P-DH results could not be calculated because of extreme variations (CV: 125 to
219%) and because a large percentage of the fish samples showed an absence of the
biomarker activity.

The inhibition of ALA-D activity is specific for lead (Wepener, 1990; Johansson-Sjobeck
and Larsson, 1979) and a reduction in the enzyme activity occurs rapidly and can be
detected at exposure concentrations near the 'no effect' level (Schmitt et a/., 1984).
Fish exposed to other heavy metals such as cadmium, copper, zinc and mercury
showed no erythrocyte ALA-D inhibition. The effects exhibited on ALA-D in fish
collected from Loskop Dam and Hartbeespoort Dam suggest the possible presence of
lead in the water.

AChE activity in fish is often referred to as one of the most successful examples of a
clinical test in aquatic toxicology. AChE activity is not only affected by
organophosphate and carbamate compounds but also by heavy metals such as zinc,
mercury, cadmium and copper (Heath, 1995). Sharp reductions in the enzyme activity
may also be caused by non-toxic stressors. The inhibition of blood AChE activity is
usually short lived and more definitive results are obtained with brain AChE (Melancon,
1995). This is possibly the reason why brain AChE in Loskop Dam fish was affected
and not the blood AChE.
For continuous exposure studies, blood sampling has the advantage that the organism
does not have to be sacrificed and samples can be taken from the same organism over
an extended period of time.

59



Blood glucose levels are elevated in fish during exposure to various pollutants, including
pesticides. These stressful stimuli elicit the rapid secretion of both hormones,
glucocorticoids and catecholamines from the adrenal tissue offish, producing rapid
hyperglycemia (Ceron ef a/., 1996). Short-term changes in glucose levels can be
induced by handling stress, changes in temperature, pH, water velocity, hypoxia, or
other seasonal variations (Folmar, 1993). Differences in blood glucose levels can also
be attributed to differences in rate and degree of digestion, absorption and utilisation of
glucose, i.e. impaired carbohydrate metabolism (Hilmy and Shabana, 1980). The
effects on glucose collected from Loskop Dam and Hartbeespoort Dam could have
been due to chemical pollutants in the water or to the seasonal change.

A stress response in fish is generally characterised by an increase in adrenalin causing
mobilisation of liver glycogen into blood glucose (Swallow and Flemming, 1970). This
means lower glycogen levels and higher glucose levels. However, the blood glucose
levels do not necessarily reflect the level of glycogen (Love, 1980), as was seen in our
study (no significant change in liver glycogen).

Muscle tissue damage, organ damage and cell necrosis leads to the release of specific
enzymes, such as LDH, in the bloodstream. Increased liver LDH levels is thus
accompanied by similar increases in plasma enzyme activity. Plasma LDH reveals the
degree of tissue damage, but does not indicate the specific sites of damage (Nemcsok
and Benedeczky, 1995). Fish handling can also increase LDH levels. When fish
struggle in nets, there is a strain on the muscles. The demand for energy as ATP is
increased, which depletes glucose levels. This leads to lactate production and an
increase in LDH activity (Everse and Kaplan, 1973). Seasonal changes (e.g. increased
temperature) can also induce this enzyme activity (Sauer and Haider, 1977). General
stress due to pollutants may cause induced LDH activity. The LDH containing tissue is
however not damaged by metal pollutants (Mayer et a/., 1992). Loskop Darn, that is
mainly polluted by heavy metals, showed no significant changes in LDH activity. The
increased LDH levels in the blood and liver of the Hartbeespoort Dam fish collected
during summer could be attributed to pollutants other than metals or to seasonal
effects. Food shortages have been reported to inhibit the enzyme activity (Blier and
Guderley, 1986).

Osmoregulation is influenced by various biotic and abiotic factors, which complicate
monitoring (Mayer et ai, 1992). Chronic pollution does not always cause changes in
ion levels, due to acclimatisation of animals by means of adaptive mechanisms. Plasma
ion concentrations react differently to different types of pollutants (Heath, 1987). Some
chemicals cause increased ion levels and others decrease ions levels, depending on
the structure of the chemical. Osmotic ions can, therefore, be used as non-specific
biomarkers to indicate adverse conditions in natural systems. Organic pollutants cause
fluctuations in plasma sodium and chloride levels (Mayer et ai, 1992), while metals
influence osmotic balance by competing for calcium binding sites on the gill surface, or
by inhibiting sodium/potassium-ATPase (Heath, 1987). Metals such as cadmium,
copper, zinc and manganese have the largest effect on calcium (McDonald et
a/., 1989), but pesticide exposure could also damage the bronchial epithelium and
inhibit calcium uptake (Singh et at., 1996).
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Organic pollutants like PAHs, PCBs and dioxins as well as complex chemical mixtures
including municipal and industrial effluents cause induction in EROD activity (Jimenez
and Stegeman, 1990). EROD activity can also be inhibited. Heavy metals have been
found to inhibit cytochrome P4501A in fish hepatoma cells (Chen era/.. 1998; Gagne
and Blaise, 1993). Copper inhibits enzyme activity by binding to SH-residues of the
enzymatic proteins of the MFO system, or by enhancing lipid peroxidation of the
membranes. Environmental variables such as seasonal changes, which are associated
with temperature and sexual factors, age and nutritional status of the fish, are the most
important influences on the MFO activity of fish (Jimenez and Stegeman, 1990). The
induction in EROD activity by Loskop Dam and Hartbeespoort Dam water could have
been due to chemical pollutants such as those mentioned, or to the seasonal change,
influenced by environmental facto

rs. The efficiency of PK as an
in situ biomarker is thus questioned by researchers (Mayer et a!., 1992) and more
research is recommended to prove its value. Generally, metal or organic pollution
causes a decrease in PK activity in fish (Mayer et ai.7 1992). Metals inhibit this enzyme
by displacing the cofactor magnesium and thus reducing phosphoryi transfer (Hansen
et a!., 1992). PK activity is also affected by exercise and nutritional status (Johnston
and Moon, 1980).
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5. CONCLUSIONS AND RECOMMENDATIONS

• In broad terms, the objectives of the project, namely 1) to establish biological
techniques to detect sub-lethal toxicity in the aquatic environment, and 2) to
produce an operational manual on the established methodologies, were met.
However, certain important issues, discussed below, were not adequately
addressed.

• Certain biomarker assays were successfully applied to the homogenates of 2 to
4 week old tilapia (O. mossambicus) used in laboratory toxicity tests, as well as
to the organs of tilapia collected from the field.

• Although whole fish homogenates contained low levels of the studied
biomarkers as a result of the dilution of enzyme levels in organs, the levels were
sufficiently high to detect induction and inhibition fn exposed laboratory fish.

• The biomarker assay protocols were relatively easily established in the
participating laboratories, because well-established, published methodologies
were used. The miniaturisation of some of the methods improved assays in
terms of rapidity (small sample volumes and large numbers of samples),
simplicity and cost. However, some of the tests, especially the test kits,
appeared to be incompatible with whole fish homogenates, showing large
variation in ome instances.

• The inter-assay and inter-experimental variation in laboratory and field studies
were very high for some of the biomarkers. Operational manipulation (sample
preparation and assaying) and test method limitation (tissue compatibility)
appeared to be the most likely causes of the variation. Sample storage played a
minor role.

• Apart from operational manipulation and test method limitation, factors such as
handling stress and the development stage of the fish could have contributed to
the variation in biomarker values of field studies. It is therefore important to
minimise stress and select fish of similar size/age when conducting field
surveys.

• The use of replicate sets offish (e.g. fish divided over triplicate containers) and
replicate assays in laboratory exposure studies is recommended, to reduce
variability. Replicate assays should also be carried out on fish of field studies to
improve variability.

• It is also expected that variability will be significantly reduced if the biomarker
assays are carried out by a well-trained operator in a laboratory with well-
established quality assurance protocols and practices.

• Because of the large differences in the control variation of the different
biomarkers studied, and because no clear concentration-response functions
were identified for most of the laboratory results, the use of a fixed endpointsuch
as an EC10oran EC20 is not recommended. The LOEC, derived by means of an
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analysis of variance, proved to be a more appropriate sub-lethal toxicity
endpoint.

• Although there was some degree of inconsistency in the results of laboratory
exposure studies, sufficient evidence was obtained that biomarkers could be
applied as sub-lethal measures of toxic activity in laboratory toxicity tests.

• Based on the data obtained for different exposure periods, it is recommended
that the sub-lethal fish toxicity test is carried out over 96 h. Any effects on
biomarkers due to handling and stress manifested during the shorter exposure
periods should have subsided after 96 h. A longer exposure period might result
in higher sensitivity but fish will have to be fed, which will include other factors
that could affect biomarker activity. Because growth and reproduction are very
sensitive measures of chronic (sub-lethal) toxicity in fish and are used in a 7-day
test, such a test should rather be performed than a longer test employing
biomarkers.

• The results of 8 and 24 h tests indicated that certain biomarkers can serve as
early warning signals for acute toxicity. It is recommended that further studies
are carried out {organism/cellular/sub-cellular level) to exploit the potential of
biomarkers as rapid screening tests.

• Based on a combination of features such as sensitivity, selectivity, simplicity,
repeatability and rapidity, the following biomarker assays are recommended for
the detection of sub-lethal responses in the 96 h laboratory toxicity test: Protein
(micro Bradford method), AChE (microplate assay), glucose, EROD, PK, LDH
and Hsp 70. ALA-D (whole blood), AChE (microplate assay) (erythrocytes and
brain), glucose (plasma), glycogen (liver), LDH (plasma and liver), EROD (liver),
osmotic ions (plasma) and Hsp 70 are recommended for field use. Hsp 70 was
not carried out on field samples, but because of its high acclaim in literature and
promising results in laboratory studies this marker is recommended for field use.
The Hsp 70 assay is the most complex and time consuming of the assays. All
the assays require relatively expensive equipment (e.g. spectrophotometers).
The biomarkers should be used in battery form to allow for optimal detection of
harmful pollutants. The test protocols are outlined in the Operational Manual
(Venter et a/., 2003).

• The AChE microplate assay is preferred to the AChE test kit because of higher
reproducibility, less fluctuation and more reliable data calculation. Likewise, the
micro Bradford method (microplate) is preferred to the macro method because of
rapidity and less variability.

• The G-6-P-DH assay is not recommended for use because it requires large
sample volumes and produces unreliable and highly variable results. PK is not
recommended for field use because of high variability and because its potential
as ar\ in situ marker is questioned by other researchers.
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It is recommended that fish weight is used to express biomarker activity in the
laboratory toxicity test, instead of protein, because of smaller variation and
fluctuation in results, and because protein acted as biomarker.

A specific volume of buffer was added to a certain number of fish for
homogenation. Because weight increases with age, this approach resulted in
considerable fluctuation in laboratory control {unexposed fish) values. It is,
therefore, recommended to base the volume of buffer on weight rather than on
the number offish.

The limited number of offspring obtained for tilapia maintained in the laboratory
and the inconsistency in reproduction was a major constraint. As a result

s elaborate experimental designs were not possible;
s experiments were not repeated a sufficient number of times;
^ experiments were not carried out in replicate;
s wide concentration ranges were not examined; and
s a range of chemicals were not tested.

Consequently, the sub-lethal test using biomarkers as endpoints was not
sufficiently validated to enable informed decisions on its potential as a routine
laboratory test.

At this stage the sub-lethal test protocols, outlined in the Operational Manual
(Venter et ai, 2003) is only applicable for qualitative studies. Protocols were
optimised, but extensive testing/evaluation is required before the methods can
be standardised for specific applications.

The established biomarkers should be used to complement fish lethality data
and not to substitute chronic measurements such as growth and reproduction.
Likewise, the biomarker approach is not a replacement for conventional field
assessments, but a supplementary tool with great ecological relevance.

Limited fish numbers is a major concern regarding the success of this fish as test
organism in acute and sub-lethal toxicity tests. National breeding facilities
should be established to ensure a consistent and healthy supply of the fish.
In addition, other fish species, with the potential to regularly provide large
numbers of offspring, should be investigated as test organisms.

Tilapia were present in large numbers in the dams studied. This might not be
the case in other environments. Before studying biomarkers in organisms in the
field, their abundance should be established to ensure sufficient replicates.

Although the biomarkers were not applied to other test organisms in the field
(e.g. worms, snails) as was initially envisaged, the established biomarker assays
should be applicable to other organisms, including other fish, with little or no
method modification.
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Since biomarkers have been proven to be useful measures of sub-lethal
stresses, it is recommended that additional biomarkers. including
metallothioneins, are investigated for application in laboratory and field studies.

The present laboratory study was only conducted on individual chemicals. It is
recommended that the study be extended to environmental samples (drinking
water, effluents, sediments, etc) to evaluate the applicability of the biomarkers
with reference to complex chemical mixtures.

As the biomarker techniques have become more established for aquatic studies,
more countries are applying such measures in continuous monitoring
programmes. This approach should also be valuable for our National Toxicants
Monitoring Programme that is currently being developed. Molluscs have been
found excellent test organisms in such studies. It is, therefore, recommended
that funds are invested in the establishment of an in situ biomarker test using a
local mollusc.

The concept of using a multi-organisational team seemed like a good idea to
build capacity and transfer knowledge. However, this resulted in large delays in
the execution of experiments. The use of students that came and went, instead
of well-trained technicians, resulted in large inter-assay and inter-experimental
variation which could not be remedied. It is recommended that any future
bioassay technique development is carried out in one laboratory, and that the
use of students in complex studies is avoided.
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