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EXECUTIVE SUMMARY

Various countries are currently applying toxicity tests to assess and control water pofiution.
in South Africa, where industrial effiuent and hazardous waste are manifesting a growing
problem, the demand for biological tests for water toxicity testing is aiso rapidly increasing.

The importance of toxicity as parameter for the evaluation of waier quality has recently been
acknowledged by the Department of Water Affairs and Forestry. It is expected that the new
approach of the Department will result in an increased use of such tests in the country. In
order to ensure that standardized protocol and procedures will be introduced for use in South
Alrica it is essential fo establish guidelines for toxicity testing. The aim of this project was fo
formuiate biotoxicity guideiines which will assist decision makers in their future policies on
water quality management.

Locally available toxicity bioassays were applied to different types of water to evaluate the
efficiency and applicability of the tests. Acute toxicity was established by means of the
following tests: fish and water flea lethality tests; a proiozoan oxygen uptake test; algal and
bacterial growth inhibition tests; luciferase, urease and acetylcholinesterase enzyme inhibition
tests; and a mammalian cell colony formation test. The Ames Saimonella mutagenicity assay
and a toad embryo teratogenicity test were used for chronic toxicity detection.

Tests were carried out on raw and treated drinking water, ground water, and river and dam
water.  Reference toxicanis e.g. cadmium, pentachlorophenol, carbofuran and malathion
{acetylcholinesterase enzyme test only), and sodium selenite and methy! viclogen (toad
embryo test only) were included in each series cf tests. In addition, synthetically prepared
moderately hard, hard and tap water were evaluated as ailtsrnative controls.

With the exception of the water flea, luciferase and urease tests, all the acute toxicity tests
detected toxicity in one or more of the drinking water samples. In general the effects on the
test systems were slight. However, the algal, mammalian cell, and toad embryo tests showed
high levels of toxicity for a number of samples. Toxicity was detected in both raw and treated
water. No specific pattern in the responses and sensfiivilies of the test systems were
observed, The negative results obtained with the urease and acetylcholinesterase enzyme
tests indicated that heavy metals and organophosphate and carbamate pesticides were either
absent or present at low concentrations. Mutagenicity was detected in three raw water
samples, while none of the samples showed teratogenicity.

All the acute toxicity tests, except the oxygen uptake and luciferase tests, were adversely
affected by the groundwater sampies. The water fiea test proved to be highly sensitive to
groundwater, showing adverse activity in 75% of the samples. A large number of samples
were also toxic to algae, bacteria and fish., For some of the tests the effects were slight, but
a high toxicity was generally observed with the waier fleg, algal, bacterial and luciferase
enzyme tests, Two of the groundwater samples were slightly mutagenic while one of the
samples caused teratogenicity. |n afew instances three to four of the standard aguatic toxicity
tests showed toxicity, indicating some pattern in the responses.

All the bicassays detected toxicity in one or more of the surface water samples. The highest
toxicity was oblained with the llliondale Stream water, which exhibited toxic effects on nine of
the bioassays. The BGM mammalian cell test showed the highest sensitivity, detecting toxicity
in six of the samples. Effects exhibited by the samples ranged {rom slight to high. The
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mutagenicity and teratogenicity tests showed positive results on three occasions.

Chemical analyses showed that, in general, potentially toxic chemicals in groundwater and
surface water samples were low, and that effects were probably due to a combination of
chemicals. Some of the groundwater samples contained low oxygen levels which could have
contributed to adverse effects, The Winterveld 2 sample contained a high zinc level which
could have caused the toxicity detected by several bicassays. The liliondale sample contained
high levels of zine, cadmium, iron, manganese and cyanide, as well as an organic compound,
ethylenechlorophasphate {fire retardant), which individually or in combination could have
caused the toxicity in test systems. Although chemical data were available it was found that
toxic effects could not be explained by simple comparison. The high adverse acfivity of
groundwater was of particular concern. As alternative, chemical equilibrium medelling was
used to interpret toxicity results. The findings of this evaluation are presented in a report
entitled Application of chemical equilibrium modelling to interpret the toxic effects of
borehole water (Pretorius, 1994}, which is attached as Appendix A.

Many of the tests showed enhanced activity when exposed to the water samples. This is
usually attributed to the presence of nutrients in the water. It is also possible that the
stimulating effects were due to low levels of toxic chemicals. Stimulation in sublethal
responses such as growth (Stebbing, 1982) and respiration (Slabbert and Morgan, 1982) has
been reported when organisms and celiular sysiems were exposed to low levels of individual
toxic chemicals. This phenomenon is known as hormesis. However, exiensive research is
required to verify that stimulation by water samples which contain complex mixtures of
chemicals can be atfributed 1o toxic activity. In the case of the urease test, the high density
readings could have been due to precipitation rather than increased activity. Some of the
samples caused precipitation in the aigal and bacterial growth inhibition tests, which could
have interfered with the interpretation of resuits.

A good reproducibility was found with most of the tests (CV: <10%). The reproducibility was
in agreement with the precision of tests used in other countries, or even exceeded it

The good agreement established between results calculated as percentage effects and by
means of Student's t-test indicates that the use of detection limits could be adequate to decide
whether or not effects are significant. In a number of insiances detection limiis might provide
false positive resuits. However, the possibility that significant effects might not be picked up
by using detection limits are limited.

in general, both the acute and chronic tests showed an appropriate response with the
reference chemicals, indicating that the tests were successfully applied. Some degree of
variation was observed in the sensitivity of the tests, which generally refiected the natural
variation in the sensitivity of test organisms. Methyt viologen was found to be more suitable
as positive control in the toad embryo teratogenicity test than sodium selenite.

Reference chemicals are used to establish the validity of toxicity data generated by
laboratories, It is recommended that all iaboratories invoived in toxicity testing should carry
out tests with recommencded reference chemicals so that inter- and intra-laboratory precision
can be monitored.

The evaluation of alternative controls indicated that moderately hard and hard water did not
drastically change responses in the majority of tests, However, large variations occurred in
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some of the tests (algal and urease enzyme tests). Itis, therefore, recommended to continue
to use deionized water as contro! in microbial, enzyrme and mammalian cell tests. Tap water
showed inhibition in several instances, indicating that this water was unsuitable as control in
these tests. The results obtained with fish and toads indicated that moderately hard water was
an ideal substitute for tap water as control,

Most of the biological tests used in this study were well established. However, in cenrtain
cases a need for optimization was indicated. Most of the changes that were recommended
were carried out. Apart from the luciferase test, which was found to be unsuitable for water
testing, the algal test still showed a low growth in certain instances. This was mainly due to
deficient lighting, erratic subculturing, and insufficient nutrients as a resuft of medium
precipitation. Problems were experienced with the reproduction of fish and toads, particularly
in winter months, Furthermore, fish were very prone to disease,

In order to solve breeding and disease problems with fish, it is recommended that fish for
toxicity festing purposes are bred and supplied from a central facility. Although satisfactory
results are obtained with guppies, attention should be given to the development of procedures
employing indigenous species. The algal test problems can be rectified by appropriate
optimization. Algal growth was measured at 450 nm instead of at the standard wavelengths
of 600-650 nm used in the USA and Europe. This wavelength was selected for density
determinations because studies conducted by Slabbert and Hilner {1990 during technique
development showed that higher and more acceptable readings can be obtained for
microplate use. A wavelength of 450 nm is also used by Canada in their miniaturized algal
test (Environment Canada, 1992a). Any interferences by organic or other chemicals at this
wavelength should be detected in the blanks. in order to ensure that 450 nm is the most
appropriate wavelength for future use, it is recommended that studies are carried out to
establish the efiect of wavelength on test results. In order to improve fertility of toads, culturing
conditions could be revised and alternative hormone treatment could be investigated,

The study showed that, with the exception of the luciferase enzyme test, all the biological
toxicity tests employed have a viable role to play in water quality monitoring and conirol in the
country.

A separate document Guidelines for toxicity bioassaying of drinking and environmental
waters in South Africa (Slabbert, 1994) has been compiled, outlining specific guidelines on
test methodologies, data analysis, sampling and application.
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1. INTRODUCTION AND LITERATURE STUDY
1.1 Introduction

Since the start of industrialization in the nineteenth century, technological progress has had
negative as well as positive consequences. While the use and development of new energy
sources were intended o enhance human welfare, they alsoe have been the major cause of
environmental pollution. Incidents like the mercury poisoning in Minimata, Japan, dioxin
exposure in Sevesco, ltaly, and the ilnesses due to various contaminants in Love Canal, New
York, have demonsirated how harmful chemicals in the environment can threaten human lives
(Blaise et al, 1985).

Pollution of the environment means the contamination of soll, air and water. As water is
essential for life, its pollution will not only endanger aquatic life, but also terrestrial organisms
that need water for their existence, including man (Kfir, 1981).

Harmiul chemicals may enter the aquatic environment through domestic and industrial waste
discharges, and if not eliminated might reach drinking water systems, Even groundwater may
become polluted through seepage from wastewater or by rain containing soluble pollutants
entering the ground (Kiir, 1981). In order o adequately protect human heaith and the aquatic
environment from exposure to harmful chemicals, effective detection procedures are needed,

Traditionally physical-chemical analytical procedures are used to monitor and control water
poilution (Trussel and Umphres, 1978; Hattingh, 1979). Some of the chemical detection
systems available today are highly sophisticated, very sensitive and accurate. However,
physical-chemical measures have certain disadvantages when applied to contro! harmful
chemicals in water, particularly in complex effluents (Sergy, 1987). These disadvantages can
be summarized as follows:

- Water pollution is a complex situation that involves a vast number and diversity of
chemical substances, and many harmful chemical pollutants are unknown (Bradfield
and Rees, 1978)

- Chemical procedures cannot detect all possible harmful chemicals which might be
present in water

- Chemical characterization of water or effiuents is very expensive

- Chemical procedures cannot predict the efiect of exposure due to combinations of
substances and cannot account for changes in effects resulting from reactions within
the matrix of constituents {synergism, antagonism and addition), and

- Chemical analysis cannot predict the potential long-term effects of toxicants.

Living material responds to the total effect of actual and potential disruptions in water and,

therefore, the use of biological toxicity tests has become an important approach io

complement chemical analysis to monitor and conirol harmful chemicals in water (Blaise ef af,

1988},

Varjous countries are currently applying biological toxicity tests to assess and control water

Introduction and Literature Study 1
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poliution. For exampie, in the United States of America (USA) the Environmental Protection
Agency (EPA) uses an integrated hazard assessment scheme in which biclogical toxicity tests
play a key role (US EPA, 1991a). The use of bloassays to contro! toxicants in industrial
effluents and related recelving waters is also advaocated by international organizations such
as the Organization of Economic Co-operation and Development (OECD, 1987). In South
Africa, where industrial effiuent and hazardous waste are manifesting a growing problem, the
demand for biolagical tests for water toxicity testing Is rapidiy increasing. The importance of
toxicity as parameter in the evaluation of water quality has recently been acknowledged by the
Department of Water Affairs and Forestry (DWA&F). The Department has identified whole
effluent toxicity testing as an appropriate tool to assess the suitability of hazardous effiuents
for discharge into receiving waters (DWA&F, 1991). In addition, the Depariment has started
to request industry to have their effluent evaluated using toxicity tests.

Biological tests for water toxicity testing have been developed and evaluated by the Division
of Water Technology (DWT) since the late 1970's {Morgan, 1982; Grabow et al, 1985;
Slabbert, 1888]. These tests have been primarily used to test drinking water and 1o evaluate
drinking water treatment processes. Recently these tests have also been applied to evaluate
impacts on surface waters, e.g. the Sappi Ngodwana spill into the Elands River, and to
establish safe levels of chemical products and effluents for discharge into receiving waters.
The locally available toxicity tests measure both acute and chronic toxicity with their
corresponding lethat and subletha! effects, and include representative species of different
trophic levels of the aquatic food chain (e.g. fish, water flea, algae, etc.), as well as mammalian
cell culture and enzyme tests. '

It is expected that international exposure and the new approach of the DWA&F will result in
an increased use of bioassay techniques in the country. While the usefulness of biclogical
tests has clearly been proven, it is essential to establish guidelines for toxicity bicassaying of
drinking and environmental waters io ensure that standardized protocol and procedures will
be introduced in South Airica.

This project was aimed at the formulation of biotoxicity guidelines which will assist decision
makers, e.g. the Department of Nationa! Health and Population Development, the DWA&F, and
the Department of Environmental Affairs in their future policies on biotoxicological water quality
issues. Specific tasks included:

* A literature study on a) recent policies and strategies of other countries on the use of
toxicity bioassays in the water field, and b) toxicity bioassays in use in South Africa and
elsewhere in the world; and

* The application of different bioassays to various types of water to study their
appiicability and efficiency.

This report includes the literature study and presents the findings of the toxicity evaluation.
The biotoxicity guidelines (toxicity tests, sampling and quality control} are outiined in a
separate document Guidelines for toxicity bicassaying of waters and effluents in South
Africa (Slabbert, 1996). Equilibrium modelling was carried out 1o interpret toxicity iest
resufts. The results are discussed in the document Application of chemical equilibrium
modeliing to interpret the toxic effects of borehole water (Pretorius, 1884), which is
attached as Appendix A.
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1.2  Literature study

The literature study was carried out to review policies and strategles of other countries and
international organizations with reference to biclogical toxicity tests. The toxicity tests currently
in use overseas to regulate and control toxicants in water are briefly reviewed and the tests
used in South Africa are discussed and compared with those technologies.

1.2.1 Policies and strategies on the use of biological toxicity tests for fresh water
toxicity testing

1.21.1 United States of America {USA}

The Federal Water Poljution Control Act of 1972, as amended by the Clean Water Act (CWA)
of 1977 and by the Water Quality Act of 1987 (USA, 1987), specifies the objectives of restoring
and maintaining the chemical, physical, and bioclogical integrity of the nation's waters.
Protection of agquatic life and human health from impacts caused by the release of toxicants
to surface waters is called for by the Act, which states that "it is the national policy that the
discharge of toxic pollutants in foxic amounts be prohibited.”

The National Poliutant Discharge Elimination System (NPDES) permit programme, mandated
by the Act, regulates the discharge of pollutants from point sources. |n order to assess and
control the discharge of toxic substances through the NPDES permit programme, the United
States Environmental Protection Agency {US EPA) has issued a national policy statement’
entitled "Development of Water Quality-Based Permit Limitations for Toxic Pollutants" in 1984
(US EPA, 1984). The policy supporis an integrated strateQy consisting of both chemical and
biological methods to address toxic and non-conventional pollutants from industrial and
municipal sources. '

The EPA’s surface toxics control regulation, issued on 2 June 1989 (US EPA, 1988a),
established specific requirements that an integrated approach be used in water quality-based
toxics control, For the protection of aquatic life, the integrated approach consists of whole
effiuent and chemical-specific testing. As techniques are made available for implementing
biocriteria (direct measure of ambient aquatic life and overall biological integrity of a water
body), they too will be integrated into the waier quality-based toxics control. Each approach
has its limitations and for this reason exclusive use of one approach alone cannot ensure the
required protection. For the protection of human health, technical constraints do not yet allow
for full reliance on an integrated strategy, and thus primarily chemical-specific assessment and
control techniques are employed (US EPA, 1991a).

The integrated approach to water quality-based foxics controf relies on the water quality
standards that each State has adopted. All States have water quality standards consisting of
both chemical-specific numerical norms for individual poliutants, and narrative "free from toxics
in toxic amounts” criteria. The use of toxicity testing and whole effluent toxicity limits is based
on a State's narrative water quality criterion and/or in some cases, a State numeric criterion
for toxicity (US EPA, 1991a).

1.21.1.4 Whoile effluent toxicity testing approach

The whole effluent toxicity testing approach for the protection of aquatic life involves the use
of acute and chronic toxicity tests o measure the toxicity of waslewaters. The EPA has
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published extensive written protocols listing numerous plant, invertebrate and vertebrate
species for toxicity testing (US EPA, 1891b,¢c).

At various poinis during testing the number of organisms affected is counted and the lowest
effluent concentration that causes an effect is calculated. This concentration, referred to as
the endpoint concentration, becomes a quantified measure of the concentration that would
cause instream impact if exceeded for a particular period of time (US EPA, 1991a). It is
usually stated efther as an LG, (the concentration at which 50% of the test organisms are
killed) or a No Observed Effect Concentration (NOEC) (the highest effiuent concentration at
which no unacceptable effect will occur even at continuous exposure).

The toxicity measurement can then be used to limit the discharge of toxicanis in an effluent.
Toxicity itself is used as the effluent parameter. The toxicants creating that toxicity need not
be specifically identified or controlled where the effiuent’s toxicity is limited.

Acute (TU,) and chronic {TU,) toxicity units are used as a mechanism for quantifying instream
toxicity when using the whole effluent approach. The number of toxic units in an effluent is
defined as follows:

TU, = 100/LC,,, and
TU, = 100/NOEC, where

100 = the whole effluent toxicity {ne dilution) expressed as percentage (100%); and both LG,
and NOEC are calculated as percentage dilution of the whole effiuent.

The procedure to implement the narrative criteria using a whole effluent approach should
specify the testing procedure, the duration of the tests (acute or chronic), the test species, and
the frequency of testing (US EPA, 1991a).

The EPA's recommended criteria for whole effluent toxicity are as follows: to protect aquatic
life against chronic effects, the ambient (in stream} toxicity should not exceed 1,0 TU, to the
most sensitive of at least three different test species, For the protection against acute effects,
the ambient toxicity should not exceed 0,3 TU, to the most sensitive of at least three different
test species.

1.21.2 Canada

In Canada the use of biological toxicity procedures has evoived from data acquisition on acute
toxicities, to physicochemical and biological parameters being regulated and monitored by
industrial sectors by the 1970's, and finally to compliance monitoring and hazard assessments
being conducted in the 1980's (Blaise ef al, 1988). Environmental Protection Service
Laboratories have the capacity to perform a number of toxicity tests in support of a variety of
objectives, programmes and intervention activities. Such a capability satisfies responsibilities
under several statutes (Fisheries Act; International Boundary Waters Treaty Act, Environmental
Contaminants Act) {Sergy, 1987).

Canada implicitly supports biological testing within ecotoxicological approaches, aimed at
effluent characterization and control, and has reviewed iis national biotesting capabilities to
implement uniform assessment on a nationat scale (Blaise ef al, 1988), The Ontario Ministry
of the Environment reassessed strategies jor effiuent control by way of the Municipal and
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Industrial Strategy for Abatement (MISA) programme. Although the emphasis is on toxicants,
MISA controls conventional pollutanis as well {Sergy, 1987). Critical assessments were made
on the use of biological tests in the MISA programme. The removal of acute lethal toxicity via
Best Available Technology Economically Achievable is considered to be the first step, The 96-
h rainbow trout and the Daphnia lethality tests are the most likely regulatory tests, Other
biomonitoring tools which measure chronic, genotoxic and subijethal effects were also under
evaluation at MISA pilot site studies. These would play a role in the definition of water quality-
based controls. The MISA Working Group stated: “As a minimum, industrial and municipal
discharges must be non-acutely lethal to fish. Since the impact of toxic discharges on aquatic
organisms ranges from acute lethality through sublethal toxicity leading to adverse chronic
effects, further appropriate effluent biomonitoring tests should be applied (and/or developed)
on an industry or sector-specific basis" (Sergy,1987).

in 1987 the Canadian Environmental Protection Act receivad first reading in the House of
Commons. Both the spirit and letter of the Act demanded the use of toxicity tests and
biomonitoring procedures (Sergy, 1987). (No further information on the outcome of this
legislation is available}.

1.2.1.3 Member States of the European Community (EEC

Community standards for water quality (surface water, water for human consumption, etc.)
and dangerous subsiances (including hazardous effluents) are given in Directives. Toxicity
testing is not included as test parameter, which means that Member States are not obliged
by Community legislation to use bioassays. However, it is open 10 Member States to use
bioassay techniques where they judge this appropriate (Mandl, communication by letter,
1991).

1.21.341 France

France controls effluent discharges by means of a number of legal and regulaiory measures
using various technical means, including biological toxicity tests (OECD, 1987). Within the
framewark of the fishing law, for example, the 24-h Daphnia magna acute ioxicity test is
regularly carried out, especially in the case of pollution accidents. River Basin Agencies
(regulating authorities} are using the Daphnia test to calculate industrial pollution charges
{toxicity is established in ierms of the maximum dilution necessary to bring the effluent below
the lethal dose for Daphinia). The standard zebra fish and rainbow trout tests are also used
to assess the LC;, of effluents. Such tests are particularly relevant in the case of shori-term
accidental poilution events, which permit authorities to estimate the duration/concentration of
short-term poilution which may be dangerous for fish popuiations (OECD, 1984).

1.21.3.2 Germany

In Germany water quality is controlled by the Federal Water Act of 1857, as amended in 1976
(Harris, 1892). States have set up water authorities who are responsible for river water quality.
Local authorities are responsible for discharges into sewers. The General Adminisirative
Directive for effluents (Allgemeine Rahmen-Verwaltungsvorschrift liber Mindestaniorderungen
an das Einlsiten von Abwasser in Gewasser) (GMBI, 1989) includes guidelines on fish toxicity
for some effluenis, expressed in terms of a dilution factor {for which all the fish survive under
the conditions specified in the standard method) (DIN, 1989b). Recent information (German
Technology Report, 1992} indicates that water authorities wili in fuiure rely more extensively
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on a range of biological tests, which will move Germany away form its current strict reliance
on emission parameters, towards a Quality Standards for Receiving Waters Approach. It is
envisaged that fish, Daphnia, algal and luminescent bacterial tests will be used in a few years
time to monitor all waters,

1.2.1.33 Ireland and the United Kingdom

in freland guidelines for restrictions on the discharge of toxic effluents, expressed in terms of
toxicity, are developed on an industry-specific basis. These guidelines are then incorporated
on a case-by-casa basis in individual permits issued to dischargers. The guidelines recognize
the impartance of mixing conditions by stipulating that at least a factor of 20 dilutions must be
available in the immediate vicinity of a discharge for each toxic unit discharged. Compliance
monitoring is carried out annually or bi-annually on representative sampies of efiluents. The
test species most commonly used is the rainbow trout, Oncorhynchis mykiss. Confirmation
of the efficacy of toxicity fimits is abtained through biological surveys of receiving waters at
least once every three years, particularly in areas of special biological importance or sensitivity
(OECD, 1987).

The United Kingdom has drawn up a scheme for the biological monitoring and coniroj of point
source discharges. Three standard acute toxicity tests using species from three taxonomic
groups, namely fish, invertebrates and aigae will be used to derive foxic based consents. A
luminescent bacterial test will be calibrated against the most sensitive of the three test species
to provide a simple and relatively inexpensive test for routine use (OECD, 1987; Hunt et al;
1992).

1.2.1.4 Qrganization for Economic Co-operation and Develapment (OECD)

The OECD has pubiished a document promoting the use of biological tests for water pollution
assessment and control (OECD, 1987) in industrialized and developing countries, The
guidance document suggests desirable approaches but does not specify what test methods
are to be used or the toxicity levels at which certain cautionary actions should be taken. The
OECD states that as a result of the differing needs and circumstances within member
countries, determination of these matters must be left to the judgement of individual countries.
The OECD concluded "that toxicity testing procedures for complex effiuents are founded on
a sound and generally accepted scientific basis. Evaluation of effiuent toxicity, particularly
when analyzed in conjunction with engineering, chemical and ecological data, can provide a
valid indication of the effects of toxic effluenis on receiving sysiemns, and can significantly
improve the development of regulatory requirements {o protect aquatic life" {OECD, 1987).

1.2.2 Biological tests used for water toxicity testing
1.2.21 Overview

An extensive number and variety of biclogical assays are at present available for water toxicity
testing, and new developments in this field are regularly published. Organisms from various
levels of the aquatic food chain, including fish, metazoa, algae, protozoa and bacteria are
being used (Litile, 1976; Kingsbury and Rees, 1978). Since the 1970's there has been a shift
from the traditional acute toxicity test {Sprague, 1969) to methods employing sublethal
responses {chronic effects) such as growth, reproduction, metabolism and behaviour (Hunter,
1878, Kingsbury and Rees, 1978, Cairns and van der Schalie, 1980). Because of ihe demand
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for rapid, sensitive, and simple tests, great emphasis has been placed on the development
of microbial toxicity tests in the last decade (Bitton, 1983; Liu and Dutka, 1984; Slabbert;
1988). These include short-term microbial tests to detect adverse chemical activity such as
mutagenicity and genotoxicity (US EPA, 1983; 1885b; Quillardet et al, 1985) which are aimed
at the protection of human health against chronic toxicity. Rapid procedures have also
extended to the use of enzymes (Bitton, 1983; Obst ef al, 19888) and subcellular particles
. (Knobeloch ef al, 1989). Currently, a new trend in the field of biotoxicity testing is the
development of biosensers which will allow for much more rapid and simple monitoring
(Rawson et af, 1987).

To establish the adverse chemical activity in water on human health, a number of advanced
techniques employing mammalian cell cultures have been developed (US EPA, 1979; Kiir,
1981; Hsie et al, 1981, Slabbert et al, 1982). For compliance monitoring a number of vary
useful electronic continuous monitoring systems using fish and invertebrates have been
designed and established (Cairns and van der Schalie, 1980; Morgan, 1982; OECD; 1987},

Currently countiries throughout the world are using biolagical toxicity assays for water quality
testing. As in South Africa, a large part of this application is still aimed at research and
development. For effective quality control standardized methods are required. Fish, water flea
and algal tests have been successiully standardized so far. Various organizations are also
currently working on the standardization of the bacterial luminescent bioassay. Countries like
the USA, Germany, and France have their own standard methods for biological toxicity tesis
for water. These closely resemble the standard methods of organizations such as the
International Organization for Standardization (ISO), the Organization for Economic Co-
Operation and Development (OECD) and the American Society for Testing Materials (ASTM;.

1.22.2 Biological toxicity tests used by othar countries

The tests currently used by some countries for regulatory purposes, or which are
recommended by international organizations, are discussed below.

1.22.21 USA

Whole effluent toxicity tests employ the use of standardized, surrogate freshwater veriebrates,
invertebrates, and plants. The EPA has published extensive written protocols listing numerous
organisms for toxicity testing (US EPA, 1991b,c). The following are examples of freshwater
fish and invertebrates recommendead by the EPA for acute lethal toxicity determination of
effiuents (US EPA, 1985a):

Cold water fish: Rainbow trout (0. mykiss)
Warm water fish: Fathead minnow (Pimephales promeias)
Cold water inveriebrates: Cladocera (D. magna/pulex; Ceriodaphnia spp.)

Traditionally, chronic tests are either full life-cycle tests or a shortened test of about 30 days,
known as an early life stage test. However, the duration of most of the EPA chronic toxicity
tests has been shortened fo 7 days by focusing on the most sensitive lite-cycle stages. These
tests are therefore called short-term chronic tests (Table 1).
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TABLE 1: Short-term chronic toxicity methods

Species/Common name Test duration Test parameter "

C. dubia Approximately 7 days (until 60 | Survival, reproduction
Cladoceran percent of control has three

brocds)
P. promelas 7 days Larval growth, survival
Fathead minnow
P. promelas 7-9 days Embryo-farval survival,
Fathead minnow percent hatch, percent

abnormality

Selenastrum capricornutum S6h Growth
Freshwater algae

The following tests are currently in use or under development for non-threshold human health
toxicants (assessing carcinogenicity or mutagenicity):

- Salmonella typhimurium assay {Ames Test) [US EPA, 1983; 1985b] - endpoint: gane
mutation, response measured in revertant colonles/e effluent;

- Escherichia coli SOS assay (80S Chromotest) [Quillardet et al, 1985] - endpoint:
DNA damage, response measured as the change in optical density;

- Sister-chromatid exchange assay (SCE) [Eckl et af, 1987] - endpoint: DNA damage,
response measured in SCE per chromosome/t effluent;

- Chinese hamster ovary cell assay [Hsie ef al, 1981] - endpoint: gene mutation,
response measured as % survival/t effluent;

- Medaka fish tumour assay [US EPA, 1888; 1989b] - endpoint: tumour formation,
response measurad in frequency of tumours at a given site/effluent concentration.

1.2.2.2.2 Canada

A wide range of biological tesis are conducted in the Canadian Federal Environmentai
Protection Laboratories. Generally, the tests employed measure both acute and chronic
toxicity with their corresponding lethal and sublethal effects and include several representative
species of different trophic levels (Table 2) (MacGregor and Wells, 1984; Sergy, 1987). The
amount, manner and effectiveness of use of the tesis is not the same in the different
laboratories. This is because of different federal regional strategies, mandates, expertise and
budgets (Blaise ef al, 1988). The types of tests are as consistent as possible with OECD
guidelines, US EPA and ASTM methods.

The application of the biological tests in environmenta! protection activities includes four major
steps: problem identification; problem assessment; control or intervention; and control
evaluation (Sergy, 1987).

Introduction and Literature Study 8



Water Research Commission Development of Guidelines for Toxicity Bioassaying

The application of bioassays for drinking water protection in Canada is limited to research
institutions like the National Water Research Institute, Canada Centre for Inland Waters,
Burlington. The battery approach is followed using a range of tests, including several
microbial tests (Dutka and Kwan, 1981, 1986).

TABLE 2: Types of current fresh water biological tests conducted by Environment

Canada’
Test type? Test parameter
Lethality
Trout - Oncorhynchis® Mortality
Water flea - Daphiriia Mortality

Sub-lethality
Trout - Oncorhynchis

ATP energy stress

Water flea - Daphnia/Ceriodaphnia Reproduction

Algae - Selenastrun? Grawth inhibition

Bacteria - Photobacteriun’ Light inhibition
Genotoxicity _

Dark mutant test Mutagenicity

SOS chromotest Genotoxic potential

AMES test Mutagenicity

Blaise ef al (1988)

No test duration was specified

Standard procedure (Environment Canada, 1980)

Standard US EPA test (1978) and recommended Environment Canada test {1992a)
Recommended Environment Canada test (1992b}

EBn B W R -

1.2223 France
The French standard methods are government approved guidelines and can be included in
contracts and/or used in the event of litigation. The following standard tests are availabie for
water toxicity testing:

- Fish (Brachydanio rerio and O. mykiss) lethality test - stalic and flow through tests {NF,
1985a,b)

- D. magna mobility inhibition test (NF, 1983}

- Algal (Scenedesmus subspicatus) growth inhibition test (NF, 1980)

These methods are very similar to SO standards.

1.2224 Germany

A number of German standard methods have been prepared for the examination of water,

wastewater and siudge. General guidelines for the planning, perfarmance and evaluation of
biological tests are also outlined (DIN, 1982a). Possible uses are:
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- comparison of the toxicity of various substances or mixtures of substances relative io
one another under predetermined test conditions

- comparison of the specific sensitivity of various organisms relative to the same
pollutants

- prediction of the effect of wastewater and wastewater constituents on the balance of
substiances in the receiving water

- supervision of the functioning of detoxification and wastewater cleaning plants

- supervision of water quality

- supervision of water resource quality

- determination of and warning against water resource contamination

- checking for observance of inlet conditions

- calculation of wastewater discharge in terms of the biological polluting action

The following standard methods are used:
- Fish (golden orfe - Leuciscus idus) lethality test {DIN, 1980; 1982b; 1988b)
- D. magna mobility inhibition test (DIN, 1982¢; 1989a}

- Algal {S. subspicatus) growth inhibition and chlorophyll flucrescence inhibition tests
(DIN, 1989c; 19914a)

- Bacteria (Pseudomonas putids) cell multiplication inhibition test (DIN, 1981b)
- Bacteria {Photobacterium phosphoreum) luminescence inhibition test (DIN, 1991c¢)

The fish, Daphnia and algal (growth inhibition) tests are similar to ISO standards. A method
based on urease enzyme inhibition is currently being standardized (personal communication).

1.2225 ISO Standards
The following 180 standard methods are available for water quality testing:

- Fish (B rerio) lethality test - static, semi-static, and flow-through methods {ISO,
1984a,b,¢)

- Water flea (D. magna) mobility inhibition test (ISO, 1989b)
- Algal (5. subspicatus and S. capricornutum) growth inhibition tests {ISO, 1989a)
12226 QECD Guidelines

The following tests, applicable in the water field, are recommended in "OECD Guidelines for
Testing of Chemicals" (1981):

- Acute lethal fish test

- Chronic 14 day fish test

- Daphnia immobilization test
- Daphnia reproduction test
- Algal growth inhibition test
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The OECD guidelines also include a list of tests for human health effect assessment of
chemicals. Some of the recommended genetic toxicology tests which are applied in the water
field are: the S, typhimurium assay; the E. colireverse mutation assay; and the in vifro sister
chromatid exchange assay using mammalian cells.

1.2227 ASTM Standards

The following ASTM standard methods developed for biological effect and environmental fate
testing can be used for water testing:

- Acute toxicity tests on aqueous effluents with fish, macro-invertebrates and amphibians
{ASTM, 1988a,b)

- Early life-stage toxicity tests with fish (ASTM, 1988c)

- Static acute toxicity tests on wastewaters with 0. magna (ASTM, 1984)
- Renewal life-cycle toxicity tests with D. magna (ASTM, 19873)

- Renewal toxicity tests with C. dubia (ASTM, 1989)

- Algal growth potential testing with S. capricornutum (ASTM, 1987b)
1.2228 Summary of bioassays used by some countries

Table 3 summarizes the bioassays used by the USA, Canada, France and Germany.

1223 Biological toxicity tests used in South Africa
1.2.2.3.1 Background

Biological toxicity tests have been under development and evaluation at the DWT for many
years. These developments were initially aimed at establishing tests for the evaluation of
drinking water quality. Because of South Africa's limited water supplies, reuse of water is
inevitable and {oxicity testing has always been considered indispensable to ensure that our
drinking water is safe. The rationale behind the use of a battery of tests for drinking water is
that the basic similarity of living organisms regarding biclogical functions and structure is such,
that there is no reason to believe that health-hazardous chemicals might occur in water, which
cannot be detected by one bioassay or another (Grabow et af, 1985).

Since the late 1870's the emphasis was on the development of microbial toxicity tests,
resulting in the establishment of several rapid iests (Slabbert, 1988). Development of rapid
enzyme testsystems, mainly for field application by the Defence Force, started during the mid
1980's {Grabow et a/,1985). in order to ensure protection against chronic chemical activity,
the Ames Salmoanefia mutagenicity test was evaluated and introduced for use between 1979
and 1981 (Denkhaus ef al, 1980; Kfir et af, 1882). In addition, certain mammalian cell culture
techniques were evaluated during the same time (Kfir, 1981). The tests proved to be highly
sensitive for the detection of toxicants and potential carcinogens.

Fish was used for toxicity testing mainly in continuous monitoring systems (Morgan, 1982).
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TABLE 3: Freshwater tests conducted by the USA, Canada, France and Germany

tast

test
805 chromatest

Dark mutent mutagenicity test

Type of test USA Canada France Germany
Acute Relnbow trout/lathead minnow Ralnbow traut lethality 1est Ralnbow troul and Brachydanic Golden arfe lelhalily test
lethality lest (stalic and Jlow through) lethality
" tests
Daphnia/Ceriodaphnia Iethality Daphnia lethelity test Diaphnia mobllity inhibition test Daphnia mobility inhiblllon test
test
Algal (Salenastrum growth Algal (Selenastrum) growth Algal {Scenedesmius) growth Algal (Scenedesmus} growth and
inhibition test’ inhibition test inhibition tast chiorophyl fluarescence
inhibitlon test
Bocteria) {Pseudomonas) cell
multiplication inhibltian test
Bacterial {Photabacteriumj light Baclerlal (Pholobacterium) light
Inhikition test inhibition test
Chronic Fathead minnow embryo-larval Rainbow trout ATP energy stress
’I {shatt-term) sunival/growth test test
Ceriodaphnia Daphnia/Ceriodaphnia
survivalfreproduction test reproduction test
Genotoxic Ames Salmonelin mulagenicity Amas Salmonelia mutagenicity

Algal test considered to be a chronic test if exposure period is 4 days and longer
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These systems have been applied both for drinking water and wastewater monitoring. Fish
lethality tests were occasionally used to evaluate effluents for industry since the beginning of
the 1970's and for research purposes (Morgan, 1982). In 1986 the water flea lethality test was
introduced primarily to evaluate the sensitivities of newly developed rapid tesis. However,
since the demand for toxicity tests on effluents, environmental water and chemical products
increased in the late 1980's, fish and water flea tests became well estabiished components of
the battery of tests used by the DWT. Since 1987 biological toxicity tests have been applied
to a wide range of waters, and are also used for chemical product and material testing. An
gmergency service has also been established to rapidly evaluate acute toxicity {Slabbert,
1989).

Currently, three institutions, namely, the DWT, the DWA&F's Institute for Water Quality Studies
(IWQS) and Rand Water, have the facilities and infrastructure to conduct routine freshwater
toxicity tests. The latter two laboratories mainly handle in-house testing. Tests established
for local use are presented in Table 4,

1.2232 Toxicity tests

The biolegical toxicity tests used at the DWT are described in detail in Section 2 {Toxicity Test
Meihodologies).

Fish and water flea tests are carried out according to US EFA (1985a) procedures, which are
in good agreement with the standard tests employed in other countries, However, the fish
species is different (Poecilia reficufata - guppy). Akhough this test organism has not been
included in some of the standard procedures discussed previously, it is fairly regularly used
in some European countries, as well as in Brazil (personal communication). The guppy has
been selected as test organism because it is easy {o breed and maintain, and it is relatively
sensitive. The organism used in the water flea test (D. pulex) has been locally obtained.
According to literature this test species is slightly more sensitive than other Daphnia species
(EInabawary et al, 1988). The sensitivities of the tests are shown in Table 5.

The algal (S. capricornuturn) growth inhibition test (Slabbert and Hilner, 1990) is based on the
standard algal test of the US EPA (1978), which is similar to the algal tests used in some of
the other countries. The major differences between different standard algal tests are the
composition of the growth medium, the test species, the inoculum size, the growth
measurement and the exposure period. In order to simplify the algal test and to make it more
cost-effective for use, the standard test has been miniaturized for our use {Slabbert and Hilner,
1890). Instead of using flasks, tests are carried out in 24-well tissue cukure plates, and growth
measured with a micropiate reader. A microplate technique has also been developed by
Blaise et al (1986), which is now in use in Canada (Environment Canada (1992a). During
technique development it was found that the uss of difierent media affected the sensitivity of
the toxicity test (Stabbert and Hilner, 1990) (Table 5). It was, therefore, recommended to use
both the US EPA (1978) growth medium and a modified BG-11 medium (Rippka et al, 1979)
to enhance the sensitivity of the test. In general, studies showed a good agreement between
the sensitivity of the microplate assay and the traditional flask test (Blaise, et al, 1985; Slabbert
and Hilner, 1980) (Figure 1).

The bacterial (P. putida) arowth inhibition test (Slabbert, 1986) which was developed in the
DWT taboratories (Table 5} is similar to the standard iest employed in Germany. Although
bacterial growth tests are also used in countries such as Canada (Dutka and Kwan, 1981),
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TABLE 4: Locally available bioassays for freshwater testing
Laboratory Type of test Bloassay Test organism/mammalian Method Exposure time
cells/enzyme specificily
owt! Acute Fish lathality lest Poacifia refictiata - guppy EPA 96 h
Daphnia lethality tesi Daphnia pulex EPA 4B h
Prolozoan oxygen uptake assay Tetrahymena pyriformis Developed at DWT 10 min
Algal growth Inhibltion assay Solanastrum capricornutum Mintaturized assay based on 48-72h
EPA flask test
Bactetinl growth Inhibition assay Pseudomonas putida Developed st DWT &h
Uraase enzyme |nhibition test Heavy melals Devefoped at DWT 15 min
Acetylcholinesterase enzyme inhlbilion Organophosphale and carbamate Developed at DWT 15 min
test pesticides
Mammalian cell colony formatian BGM end V79 cells Developed ot DWT 6-8 days
inhibitlon test
Chronic Toad embryo taratagenlcity test Xenopus laevis Daveloped at DWT 48 h
Genatoxic Ames mutageniceity test Salmonella typhimurium (strains 98 EPA 48 h
and 100)
Cell transformatlon assay Mamsler embryo cells Deaveloped at DWT B doys
Rand Waier Acule Fish lethality test P. raticulata - guppy EPA @5 h
Daphnia lethality test 0. pilex EPA 4B h
Algal growth Inhibltion assay 5. capricornutum EFA 72h
Baclerial growth Inhibition assay F. putida Developed at DWT &h
Genotoxic Ames mutagenicity test S. typhimurium (strains 98 and 100) EPA 48 h
was® Atute Fish lethality test P. reficulata EPA 96 h
Daphnia/Ceriodaphnia lethality test D. pulex/C. dubia EPA 24/48 h
Algal growth inhibilion assay S. capricornutum EPA 72 h
Bacterial growth inhlbition assay P, putide Develaped at DWT Bh
Chronle Inveriebraie reproduciion 1est B pulex/C. dubia EPA 7-21 days
CCEP? Acule Daphnie lethality test D. pufex EPA 48 h
Algal growth inhibition assay 8. capricarnuium EPA 86 h

Divigion of Water Technology
? Instilute for Watar Quality Studies

Calchment and Coastal Environmental Programme, CSIR - Durban
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TABLE 5: Sensitivities of bioassays to a number of toxic chemicals
Fish Jethality Water Hea Protozoan Bacteria) Luciferase Urease Acetylcholin- BaM
faat! lethslity laat” oxygen Alsl growth inhlblilon test! growlh enzyme 1est’ enzymea les’ esterase mammallan el
uptake assay’ inhibltion teat! enzyme tesi" test®
Chemlea) Minlmum Concenirslion Survival at
96-h LC,, 48-h L.C,, Inhiblilag 48-h EC,, [mg/4 &-h EC,, Inhibltlon at 0,5 Inhibiting 0,5 15-min EC,, cancentrallon
{mg/y {ma/y capceniration (mgl4 mgft chamical mpimd {irg/ 8 chemical
(mpie AAN® sg@.-y" (%) enzyme {ma/{(in
{mg/y parenthesis) {5%}
Akticarb - 160
Azinphosmethyl - 1%
Cacimkem 1,05 0,318 1.0 0,145 o078 0,08 +18 10,0 88,4 {0,085}
Carbofuran - 0,048
CobnX - 10,0 -
Copper 0,95 0,031 0,8 0,083 0,001 o, i 10 30,2 {0,085)
Cyanide 13 0,014 o227 0,382 0,018 +18
Demetan-5-methyl . an
Lead 2,003 - +8 »30,0 7,7 {03
Maloihlon - - 20 -
Manganece - - >130 -
Mercury 0.2 0,004 05 0472 0,303 0,025-0,05 70 0,08 %7.4 {0,005
Nickel . 83 10,0 -
Phenal 150 20,0 73,8 =100 15,1 32,4 {0.5)
Propoxur 200 .
Siiver 0,002 - - &7 0.1 : “
Tine - 05 0,024 0,015 0,15 . 50 “
‘ Morgan (1982) s Slabbert (1986) e Kfir (1981)
2 Elnabarawy et af (1985) s Meirtjies et al (1990} o Growth medium
a Slabbert and Morgan {1982) 4 Meterlerkamp (1986) + Stimulation
* Slabbert and Hilner (1990) 8 Venter (1991} - No results
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FIGURE 1:

Ccd Cu Zn
Chemicals

[ IMicroassay M Flask test

Comparison between the sensitivity of microassay (48-h ECy;) and ‘classic’
flask test (72-h EC;))
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only the German test has been standardized. P pufida is cultured under modified tests
conditions to have a more rapid, but equally sensitive test than the German test. Insiead of
the very complex medium used in the German test, the local test uses minimal medium
prepared from a few chemicals. The incubation period has been reduced from 168to 6 h. In
general, a good agreement was found between the sensitivities of the two growth tests
(Slabbert, 1986) (Table 6). This bivassay has also been miniaturized (Slabbert, 1988), using
F. putida and Aeromonas punclata as test organisms. However, the reproducibility of these
tests is not as good as that of the usual test and their use is, therefors, limited to speciiic
studies,

TABLE 6: Sensitivities of two bacterial growth inhibition tests’

o 6 h Pseudomonas putida test? 16 h Pseudomonas
Chemical putida test®
EC10 EC50 Minimum EC*
Copper 0,1 1,05 0,03
Cadmium 0,08 Q.72 0,08
Mercury 0,025% 0,058 0,01
Cyanide 0,018 0,69 0,001
Phenal 15,1 244 64
_Aietone B 594 4 385 1 700 ]

ma/e

Siabbert (1986)

Bringmann and Kihn (1980)
Concentration exhibiting 3% inhibition
No effect

100% inhibition

& th A L R

The protozoan (Tetrahymena pyriformis) oxygen uptake test was develioped for rapid toxicity
screening purposes (Slabbert and Morgan, 1882). This bioassay has the cutstanding feature
of providing resuits within the short period of 10 min, and has been found invaiuable in
emergency situations when rapid information on acute toxicity is needed. This bicassay has
recently been modified to carry out a number of tests simultaneously {unpubiished
information}. The sensitivity of this bioassay compares well with that of the standard fish test
(Table 5). As alternative bacteria (F. putida) (Stabbert, 1988) and mammalian celis (Slabbert
et al, 1982) have been used as test material in this test system, but because increased
sensitivity was not observed their use is limited to specific studies. Respiration tests similar to
the T. pyriformis test have been used in other research studies. A few standardized oxygen
uptake tests exist, but these are used for biodegradation studies (e.g. activated sludge
respiration inhibition tests) (OECD, 1981).

The enzyme tests are rapid tests which can provide information on toxicity within jess than
1 h. The sensitivities of these tests are presented in Table 5. Similar tests are used in
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countries such as Germany (Obst ef al, 1988} and the USA (Army). Test kits for enzyme tests
are also available. The luciferase test currently applied in our laboratory is still under
development. Luciferase, a protein isolated from firefly, catalyses the jollowing reaction:

Enz-LH, + ATP --> Enz- LHAMP + PPi

Enz - LH,AMP + O, --> hv + CQO, + AMP + Oxyluciferin
Enz Luciferase

LH, Luciferin

ATP Adenosine triphosphate

Enz - LH,AMP Luciferin adenylate complex

Ppi Pyrophosphate

fv Light energy (550 nm)

The first reaction requires Mg?* as co-factor.

Luciferase undergoes a large conformational change, rendering a product which can be
directly and precisely measured by the amount of light given off by the reaction.

The urease enzyme test is specific for the detection of heavy metals (Metelerkamp, 1986). The
test is carried out in microplates which allows field testing. Micropiates also allow for
quantitative data calculation using a microplate reader at 450 nm. The enzyme reaction is as
follows: '

NH, - CO - NH, (Urea) + H,O (water) ---> CO, (carbon dioxide) + 2NH, (ammonia)

The ammonia causes an alkaline pH, resuliing in a pink colour in the presence of the pH
indicator phenoiphthalein. When heavy metals are present the above mentioned reaction is
inhibited and the mixture remains colourless.

Acetylcholinesterase is an enzyme involved in the transmission of nerve impulses. This
enzyme is selectively inhibited by organophosphates and carbamates (Venter, 1990). The
reaction is as follows:

Enzyme
Acetylthiocholine -->  thiocholine + acetic Acid

Thiocholine + Eliman's Reagent (2,2 -dinliro-5-5'-dithiodibenzoic acid) --->
Thiocholine-2-nitro-5-thicbenzoic acid + 2-nitro-5-thickhenzoic acid

The enzyme reaction rate is measured in terms of OD at 405 nm with a spectrophotometer.

The mammalian cell colony formation (cloning efficiency) test has been developed primarily
for drinking water toxicity testing (Kfir, 1981), and has proved to be highly sensitive to various
chemicals (Table 5). Two different cells are currently employed in the tast, namely Buffalo
Green monkey (BGM) kidney cells and Chinese hamster V79 cells to compare their
sensitivities. Mammalian cell culture technigues are used in other countries {Germany,
England, the Netheriands) for water toxicity testing, but other test parameters are utilized.

A mammalian cell culture transformation assay, using hamster embryo cells, is available for
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the detection of potential carcinogens (Kfir, 1981} in water. Currently, mammalian cell culture
techniques are being developed for the detection of tumour promoters {chemicals which are
not carcinogenic on their own, but which can promote tumour formation when exposed to
after exposure to a subcritical dose of a carcinogen) in water {Slabbert ot al, 1992).

The Saimonella mutagenicity assay {Ames test) is carried out according to US EPA (1983;
1985) standard procedures {similar to OECD (1881} procedures]. A modified piate
incorporation assay, in which the growth medium is prepared with the test sample, is usually
used in the DWT laboratories for drinking water testing (Kfir ef al, 1982). Water is tested
unconcentrated, and also 2x and 4x conceniraied (concentration by means of fiash-
evaporation). Alternatively, XAD-resin and dichloromethane extracts of water samples can be
tested. These are incorporated into the top-agar of plates (Kfir et al, 1982). The £ coli SOS
assay (SOS Chromotest) [Quillardet et al, 1985] which detects DNA damage is being
evaiuated for use. This is a quick test in which effects are measured in terms of OD. The test
is available in kit form. Various other countries are at present evaluating this test for use in
the water field (Section 1.2.2.2).

The toad (Xenopus lfaevis) embryo test detects teratogens, A teratogen is defined as any
agent capable of causing the formation of congenital anomalies or monsirosities. Thalidomide
is a well-known teratogen. The toad embryo test has been used in several research studies
in the water field (Genthe and Edge, 1988). A simiiar test is under evaluation for use in the
Netherlands (personal communication). The LISA utilizes the sheepshead minnow embryotest
for the detection of teratogens in water {US EPA, 1985a). '

Development and evaluation of biotoxicity tests are continuing. High on the priority list are
chronic Daphnia/Ceriodaphnia tests. The establishment of loca! fish tests also requires
attention.
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2, TOXICITY TEST METHODOLOGIES

A range of acute and chronic toxicity tests were evaluated for applicability and efficiency,
aimed at the development of guidelines for toxicity testing. The acute toxicity tests included:
fish and water flea lethality tests; a protozoan oxygen uptake test; algal and bacterial growth
inhibition tests; luciferase, urease and acetylcholinesterase enzyme inhibition tests; and a
mammalian cell colony formatlon {cloning efficiency) test. The Ames mutagenicity assay and
a toad embryo teratogenicity test were used for chronic toxicity detection.

The fish, water flea and mutagenicity tests were carried out according to standard procedures
{US EPA, 1985a,b), and microbial, enzyme, mammalian cell and teratogenicity tests according
to procedures developed by the DWT (Section 1.2.2.3.2)

Although the tests are relatively well established, a need for optimization was indicated in
certain cases as the study progressed (Conclusions and Recommendations - Section 3.1.3).
The modifications carried out to optimize bioassays are summarized in Table 10.

21 Test protocols

2.1.1 Fish (Poecilia reticulata - guppy) iethality test

Tests were carried out with 1 - 2 weaks old fish. Test conditions are summarized in Table 7.

TABLE 7: Fish biocassay test conditions’

——r— —— s |
Temperature 22°C
Light quality Laboratary illumnination
Photoperiod Approximately 12 h daylight
Feeding regime No feeding
Oxygen concentration As obtained (>40% of saturation)
pH As aobtained
Size of test vessel 500 m¢
Volume of test sample 350m¢
Number of fish/vessel 5
Number of replicate vessels 2
Total number of fish/test 10
Cantrol water Dechlorinated tap water
Test duration g6 h
Effect measured % Lethality, calculated in relation to control n

! According to US EPA (1985a) procedure

2.1.2 Water flea (Daphnia pulex) lethality test

QOrganisms 24 h or less in age were used for toxicity testing. [n order to obtain the necessary
number of young for a test, adult females bearing embryos in their brood pouches were
removed from the stock cultures 24 h preceding the initiation of a test, and placed in 100 me
beakers containing 50 md moderately hard water {Table 8) and food suspension (trout chow,
alfalfa and yeast).
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Test conditions are summarized in Table 9. Test organisms were transferred to a small
intermediary holding beaker and from there to the test beakers.

TABLE 8: Moderately hard reconstituted water'

Reagent added® (mg/d) NaHCO, 96,0
CaS0,.2H,0 0,0
MgSQ, 60,0
KCl 4,0
Nominal water quality range® | pH 74-7.8 (82
Hardness* 80 - 100 (89)
Alkalinity 60 - 70 (59)
’ US EPA (1985a} 2 Prepared with deionized water
3 Measured value in parenthesis 4 As mg/e CaCoO,

TABLE 9: Water flea bioassay test conditions’

— ————w Ty

— — =

Temperature 22°C

Light quality Laboratory illumination

Photoperiod Approximately 12 h daylight 1

Feeding regime No feeding

Oxygen concentration As obtained (=»40% of saturation)

pH As obtained

Size of test beaker 5¢ m¢

Volume of test sample 25 me

Number of organisms/beaker 5

Number of replicate beakers 4

Tetal number of organisms/test 20

Control water Moderately hard water

Test duration 48 h

Effect measured % Lethality (no movement of body or
appendages on gentle prodding), calculated
in relation to control

! According to US EPA (1985a) procedure

2.1.3 Protozoan (Tetraltymena pyriformis) oxygen uptake assay

T. pyriformis strain W was cultured in proteose peptone broth at 27°C for 18 h. For
bioassaying, cells were suspended in an osmotically balanced sait solution using gravity
filtration and suspended to a concentration yielding an oxygen uptake rate of 6 - 8%/min
{Slabbert and Morgan, 1982).

Tests were carried out with a modified biclogical oxygen monitoring system (Yellow Springs
instrument Co, Yellow Springs, OH) consisting of an electronic unit, modified to accommodate
four oxygen probes, and a self-designed bath assembly with four test chambers {to carry out
four tests simulianeously), each fitted with a standard oxygen probe. The electronic unit was
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connected to a data-logger which produced a printout of the percentage dissolved oxygen
in each test chamber at 15 sec intervals (unpublished data). During bioassaying the
monitaring system, cefl suspension and test samples were maintained at 27°C using a
constant temperature water circulator,

For each set of tests 3 m¢ of the cell suspension was aerated for 5 min in the test chambers
provided with magnetic stirrers (Siabbert and Morgan, 1982; Slabbert, 1988). Dissolved
oxygen was then monitored continuously before (reference), during and after test sample
addition, for a period of approximately 10 min. Test sampies (3 mg were introduced after a
monitoring period of between 3 and 4 min. Sterile (autoctaved) deionized water was used for
control testing. Each test and control was carried out in triplicate. Resuits were determined
as a ratio of the oxygen uptake rate after sample addition {test slope) to that prior 1o sample
addition (reference siope) (Siabbert, 1888}, Effects are expressed as percentage inhibition (or
stimulation), calculated in relation to contro} tests,

2.1.4 Algal (Selenastrum capricornutum} growth inhibition test

The unicellular alga S, capricornutum was maintained axenically in Erlenmeyer flasks
according to standard procedures (US EPA, 1978). Culturing was carried out in a constant
temperature room at 22°C, without shaking, using continuous illumination. Algae were
subculiured weekly to have a constant supply of logarithmic growth phase cefls for
bicassaying. Two different media, namely algal assay medium (AAM 30%) (US EPA, 1971)
and 10% modified BG-11 (Rippka ef al, 1979), were used for culiurs maintenance and toxicity
testing.

Toxicity tests were carried out in five-fold in sterile 24-well tissue culture plates (Slabbert and
Hilner, 1980). The algal suspension was prepared by removing the supernatant medium and
resuspending cells in fresh medium to a concentration yielding an optical density {OD) of 0,02
(2 - 6 x 10° cells/mig). OD readings were carried out on a micropiate reader at 450 nm. The
algal suspension was added at a ratio of 1:1 to a 20-times concentrate of the culture medium
and used as 200 ¢ volumes for inoculation of 1,8 m¢ sample in test wells (well volume: 3,5
mi). Sterile (autoclaved) deionized water was used for control testing., Single wells which
received sample and medium only, were used for blanking of the microplate reader. Plates
were covered with lids and incubated for 48 or 72 h at 22°C under continuous illumination.
At the end of the incubation pericd cells were re-suspended. Three hundred microlitres of the
cell suspension were removed from each well and transferred to sterile microplate wells (96-
well flat-bottomed microplates) for OD readings. Results are expressed as percentage
inhibition {(or stimulation), calculated as follows:

ODT - OD,
100% - [ x 100%]
oDC - 0D,

where
QODC = Opiical density of conirol
ODT = Qptical density of test
OD, = Optical density at time 0
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2.1.5 Bacterial {Pseudomonas putida) growth inhibition assay

Tests were carried out in minimal medium in 50 m¢ medical flais (Slabbert, 1988). A culture
of P. pulida strain Berlin 33/2, grown overnigit at 27°C, was diluted with fresh minimal
medium te an OD of 0,8, 30 min before inoculation of test samples (Slabbert, 1986). OD
measurements were carried out spectrophotometrically at 600 nm. The cell suspension was
added at a ratio of 1:4 t0 a 12 5-times concenirate of the minimal medium, and used as 2,5
m¢ volumes for inoculation of 22,6 mt test samples. Each test and control was carried out
in five-fold, Sterile (autociaved) deionized water was used for control testing. Cultures were
incubated at 27 °C for 6 h. Growth was measured spectrophotometricaliy at 600 nm. Effects
are expressed as percentage inhibition (or stimulation), determined in relation to control
results.

2.1.6 Luciferase enzyme inhibition test

A commercially available crude enzyme extract, consisting of luciferase and its substrate
luciferin (firefiy fantern extract - Sigma), was used for toxicity testing. An enzyme stock
solution of 40 mg/me was prepared by reconstituting the freeze-dried extract with sterile
deionized water. The freeze-dried adenosine triphosphate (ATP) was reconstituted with 5 me¢
sterile deionized water. The preparations were kept on ice during testing and stored at 4°C.

The enzyme stock solution was diluted with sterile (autoclaved) dechlorinated tap water to a
concentration providing an initial light level of approximately 2 000 mV {milli volt} (working’
solution) just before each series of toxicity fests (10 - 30 y¢ enzyme/me tap water). The
working solution was introdused as 500 pt aliquots into cuvettes containing 500 u¢ test
sampte, and mixed well. After an incubation period of 15 min at room temperature 50 u¢ of
the ATP solution was added to the water-enzyme mixture and mixed well. The light produced
by the ATP firefiy reaction was then (within 10 sec of ATP addition) monitored for a period of
20 sec with a standard luminometer. Luminescence readings were printed out by the
instrument at 1 sec intervals. Initial light level and the decay rate (slope) were used for
calculation of resulis. Each test and control was carried out in triplicate. Sterile dechlorinated
tap water was used as control. Effects are expressed as percentage inhibition (stimulation),
calculated in relation to contro! tests.

2.1.7 Urease enzyme inhibition test

Three enzyme concentrations {0,5; 1,0; and 2,0 mg/m¢) were used to detect different levels
of heavy metal pollution (Metelerkamp, 1886). The iest was found to be the most sensitive
at the 0,5 mg/me enzyme concentration. At this concentration the enzyme detects a number
of metals at the recommended limits for drinking water (Kempster and Smith, 1985).

Tests were carried out in 96-well microplates. Samples were added in 200 ut volumes to 50
f¢ enzyme. An exposure period of 30 min at room temperature (20°C) was aliowed. Urea
(substrate) and phenolphthalein (pH indicator) were then added consecutively (50 ¢ each),
and 15 min were allowed for enzyme-substrate interaction. Each test and control was carried
out in triplicate. Deionized water served as conirol.

The enzyme interacts with the subsirate o form ammonia. This causes an alkaline pH,
resulting in a dark pink colour development in the presence of phenolphthalein. Heavy metals
inhibit this reaction and the mixture remains colourless. Resulls are determined qualitatively
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by colour ochservation and reported as follows:

Total inhibition: colourless +++
Moderate inhibition: very light pink ++
Slight inhibition; light pink +
Ne inhibition: pink -

2.1.8 Acelylcholinesterase enzyme inhibition test

For each test, 1,9 m¢ of test sample, 200 p¢ of potassium phosphate buffer (0,5 M), and 100
e of enzyme solution {200 pyg enzyme (1 enzyme unit)/m¢ 0,05 M potassium phosphate
buffer] were added consecutively to a cuvette, mixed and kept at 37°C (Venter, 1990). After
an incubation period of 15 min, 100 u¢ of 10 mM Ellman’s reagent was added io the reaction
mixture, followed by 100 u¢ of substrate (30 mM S-acetylthiocholiniodide}. After a further
incubation period of 1 min, the enzyme reaction rate was monitored by recording the OD of
the mixtures (measured at 28 sec intervals) for a 2 min period with a spectrophotometer at
405 nm, Each test and control was carried out in triplicaie. Deionized water was used as
control. The enzyme reaction rate (slope) was used to calculate results. Results are
expressed as percentage inhibition/stimulation, caiculated in relation to controf tests.

2.1.9 Mammalian cell colony formation test

Two different mammalian cell lines were used for toxicity testing, namely Buffalo green monkey
(BGM) kidney and Chinese hamster V79. These cell lines were cuitured in Dulbecco's
modified Eagle medium (DME) with 10% foetal calf serum (FGCS) and in minimal essential
medium (MEM) with 5% FCS, respectively. Cultures were maintained in 250 m¢ flasks at
37°C in a humidified incubator suppiied with a constant flow of 7% carbon dioxide in air,
Before reaching the confiuent stage cells were trypsinized and recultured in fresh medium in
culture flasks (Kfir, 1982). At this growth stage cells were also used for toxicity tests.

Toxicity tests were carried out in 6-plate culture dishes (diameter: 35 mm). Two hundred cells
were seeded per plaie in 4,0 me medium, After approximately 18 h incubation at 37°C, the
medium was removed from each plate and replaced with fresh medium prepared with test
samples. Fresh medium prepared with deionized water was used as control. Each test and
control was carried out in six-fold. Plates were incubated for a further 5to 7 days. Atthe end
of the incubation period the medium was removed, The plates were washed with phosphate
buffer solution and colonies were fixed with methanol and stained with Giemsa stain (Kfir,
1982). Colonies of cells were counted under a dissection microscope at a magnification of
25x. Resulis are expressed as percentage colony formation inhibition caiculated according
to the following formula:

Average number of colonies on treated plates
Average number of colonies on controlplates

100% - [ 100%]

2.1.10 Ames Sa/monella mutagenicity assay

Mutagenicity was tested by means of a plate incorporation assay (Kiir et al, 1982).
Salmonelia typhimurium tester strains, TA98 and TA100, were used. TA9B detects framne shift
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mutagens whereas TA100 detects base-pair substitution mutagens. Tests were carried out
with and without S8 liver preparation (used for metabolic activation of chemicals which would
otherwise be non-mutagenic). Water samples were either unconcentrated or concentrated 2-
and 4-fold by means of flash evaporation. The concentration of samples was found to
improve the test sensitivity. Each test was carried out in triplicate. Results are expressed as
mutation ratios, calculated as follows:

[Number of mutants per test sample]
Number of spontaneous mutants

Mutation ratio =

2.1.11 Toad (Xenopus Iaevis - African clawed toad) embryo teratogenicity test

Three days beiore testing three pairs of toads were given a primer injection (100G u¢) of
Human Chorionic Gonadotrophin (HGC) to stimulate fertility (Genthe and Edge, 1988). After
4810 72 h the toads received a HGC booster injection (females: 300 pg; males: 100 p¢) and
were transferred in pairs to spawning tanks, After fertilization (18 h |ater}, eggs were removed
from the spawning tanks and transferred in batches of 50 or 100 {depending on the tofal
number of fertilized eggs) o 500 m¢ glass containers with 200 m¢ test sample. Tests were
carried out at 22 °C, in duplicate. Dechlorinated tap water was used for control testing. After
3 to 5 days the developing embryos were counted and examined under a dissection
microscope for abnormalities. Test embryos were compared to control embryos. Features
exarnined for malformations were embryo development (size and length), pigmentation, head
shape, and form of spines and tails.

2.2 Data analysis

The resulis of tests were interpreted by means of detection limits. The detection limits
specified in the standard protocols were used for the fish, water flea and mutagenicity tests.
A lethality >10% was taken as an indication of toxicity in the case of the fish and water flea
tests, For atest to be valid, a lethalily of <10% is specified for control tests (this means 1 out
of 20 organisms can be killed). Because of limited sources only 10 fish per sample (in some
instances oniy 5 fish) could be used. When one of the fish in the control died (10% lethality)
tests were not considered to be valid. In order o allow for 1 death/control test (10% lethality),
a detection iimit of >10% was applied during the last part of the study (groundwater and
surface water testing). In the case of the mutagenicity test a mutation ratio »2 indicated
mutagenic activity.

Detection limits for the microbial, enzyme, and mammalian cell toxicity tests, and the toad -
embryo teratogenicity test, calculated as percentage inhibition/stimulation/fiethality/
deformation, were selected on the basis of the reproducibility of the tests. The reproducibility
of the microbial, enzyme and mammalian cell tests was established by calculating the
coefficient of variation (CV) of the controls of each set of tests:

cV - [Standard deviation x 100]
Average
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In addition, another method, /e Student's t-test (Clarke, 1969), was used to establish whether
test and control resulis differed significantly at the P = 0,05 level. The two methods used for
evaluation of the resuits were compared in order to test the validity of the results obtained and
to make recommendations on procedures for data analysis. The reproducibility of the toad
embryo teratogenicity test was established by calcuiating the averages and standard

deviations of the controls of different sets of tests,

TABLE 10: Summary of modifications made to bioassays as study progressed
Bicassay - Modification e

Fish test Temperature for maintenance and toxicity tasting increased from 22°C to 25°C

Water flea test |} Temperature for maintenance and toxicity testing decreased from 22°C 1o 20°C

Protozoan Modified electronic unit accommodating four oxygen probes replaced by standard

oxygen equipmsnt which was originally used for technique development {Stabberi and Morgan,

uptake test 19882; Slabbert, 1988}, Because rgpetilive tasting is very time-consuming only one test
was carried out per sample. Conirol tests were carrled out In triplicate

Algal growth Maintenance and toxicity testing carried out at a constant temperature of 25° (instead of

tesl 22°C). Lights were positioned in such a way to have a constant llumination of
approximatsly 95 uE/m¥s . Microsceplc counting was used in addition to density
measurement 10 standardize the Inoculum conceniration (200 000 cells/mé). The initial
density ranged from 0,005 to 0,012. Because of differances in well volumes of different
batches of micropiates, the 300 u¢ of cell suspension used for 0D readings were
changed ta 280 u? to avoid contact with the prabe

Bactarial Cell suspensions with densities of betwaen 0,8 and 0,35 (600 nm) were used for

growth tast Inocutation. Sample and test preparation was carried out in a constant tempsrature raom
at 20°C. The incubation temperature was increased from 27°C to 28°C

luciferase The enzyme was used at a slightly lowar conceniration with an initial light level of

enzyme test approximatsly 1 000 mV (instead of 2 000 mV). The ATP solution was diluted by 50%

befare use and introduced as 100 (14 quantities {instead of 50 ue) into the enzyme-
sample mixture to reduce variation due to sample volume

_

test

Urease The assay was carried out in & constant temperature room at 25°C. Enzyme actlvity
enzyme test was established by means of spectrophotometric measurement with a microplate reader
al 450 nm. Effects are expressed as parceniage inhibition (or stimulation), determined in
i relation to control resulis, Bscause of differences in well volumes of diffarent batches of
1 microplates, the volumes used in the test were changed to avoid contact with the probe;
160 p¢ sample; 40 u¢ enzyme; 40 p¢ urea and 40 ye phenolphthalsin
Mutagenicity Flash avapaoralion was replaced by XAD resin extraction to concentrate water. The
test acatone extracts were incorporated into the top-agar (100 p¢/2 met agar) following
standard protocol (Kiir ef al, 1962, Maron and Ames, 1983). Acetane was used as
additional control 1esting .
Teratogeniclty | A fixed number of eggs, namely 100, were used per test. Eggs were placed in duplicate

contalners, each containing 50 eggs. An exposure period of 48 h was used.
Temperature for maintenance and testing increased from 22°C to 25°
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3. APPLICATION AND EVALUATION OF BIOASSAYS

34 Drinking water

3.1.1 Water samples
Water samples were collected from the following locations:

Schoemansville Water Works;
Rietviei Dam Water Waorks;

Parys Water Works;

Klipgat area north of Pretoria; and
Apies River.

The raw water source, freated waier before chlorination, and final drinking water from the first
three sampling locations were tested. The Klipgat samples included water from the Sand
River (raw source) and a seepage well {fitered water) on the river-bank. Two raw water
samples were collected from the Apies River, namely, south of Pretoria North and south of
Onderstepoort, Each location was sampled twice (periods: July - September; and October -
November 1991},

The pH of all the water samples and free and total chiorine levels in final drinking water were
measured on site. The measured chiorine levels were confirmed upon arrival of the sampies
at the laboratory using a titration technique. Immediately after receipt final drinking water
sampies were dechiorinated (except samples used for mutagenicity testing). Usually free
chlorine in water samples was reduced by means of aeration to non-toxic levels {<0,2 mg/y.
However, this procedure delayed testing by 24 to 48 h. The addition of sodium thiosulphate
to water samples o neutralize free chlorine was, therefore, investigated. The Schoemansville
and Rietvlei Dam final drinking water samples collected during the July - September sampling
period, were dechlorinated using both procedures to compare resuits. All the samples
collected thereafter were neutralized with sodium thiosulphate (concentration: 20 mg/9).
Samples were stored at 4°C before testing.

The water samples used for the microbial and mammalian cell toxicity tests were sterilized by
filtration through a 0,22 pm membrane filter {samples in this form could be stored for a period
of time). The samples tested in the Salmonella mutagenicity test were used to prepare the
nutrient agar plates. The agar mixture was autaclaved before plates were poured, Plates
prepared with deionized water were used for control testing. For the mammatian cefl toxicity
tests, tissue culture media were prepared with each water sample (100 m¢g by adding DME
(BGM cells) or MEM (V79 cells) medium powder (DME medium: 1,36 g DME + 0,37 g
NaHCQ,; MEM medium: 0,97 g MEM + 0,2 g NaHCO,} and antibiatics (0,5 m¢ antibiotic-
antimycotic}. The medium was decontaminated by filtration through a 0,22um membrane filter
(fitted on a syringe). Control media were prepared in a similar way using deionized water.

3.1.2 Results and discussion

The pH values of the water samples ranged between 6,2 and 8,5, which were within the limits
required for aquatic animal tests, The microbial, enzyme and mammalian cell toxicity tests
were carried out in media or buffer selutions, which ensured that the pH of test samples were
adjusted to optimum pH. The total and free chlorine in final drinking water ranged between
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1 and 2,1 mg/¢, and 0,5 and 2,1 mg/¢, respectively. Aeration and thiosulphate addition
reduced the free chlorine levels to 0,2 mg/t.

3.1.21 Fish and water flea tests

Table 11 presents the resuits of fish and water flea tests. The water flea test did not detect
toxicity in any of the water samples (lethality: <10%). Nine water samples caused tethality
with the fish test. The effects were slight ranging from 10 {o 20% lethality. The Rietvlei Dam
samples of 05-08-1991 were tested using 5 fish per sample. The aerated final drinking water
sample resuled in a 20% lethality. However, due to the small number of fish used, the
reliability of this result is in doubt. Problems were experienced with a fungal disease during
the August sampling period, resulting in fish lethality in controls. The results given for Parys
(27-08-1991) were established only after a number of tests.

3122 Microbial, enzyme and mammalian cell toxicity tests

The reproducibility (precision} of the different microbial, enzyme and mammalian cell toxicity
bioassays is shown in Table 12. The bacterial growth inhibition test was the most
reproducible with an average coefficient of variation (GV) of 4,6%, with the algal growth
inhibition tests being the least reproducible, with average CV's of 12,0% and 13,0% for tests
carried out with BG-11 and AAM growth medium, respectively. The protozoan oxygen uptake
test, the bacterial growth inhibition test, the luciferase enzyme test (using immediate
luminescence as parameter), the acetyicholinesterase enzyme test, and the V7@ mammaliari
cell coleny formation test, generally showed CV's <10% (>70% of results). As aresulta 10%
change in activity/function was selected as the detection limit for each of these bioassays.

The CV's of the algai growih inhibition tests, the luciferase (decay rate) enzyme test, and the
BGM mammalian cell colony formation test, were mostly >10%. For these bioassays a
detection limit of 20% was selected. The detection limits selected for bacterial and algal tests
were in agreement with those recommended in previous studies (Slabbert, 1988; Slabbert and
Hilner, 1990). The protozoan oxygen uplake test carried out with the modified oxygen
monitoring apparatus proved to be less reproducible (CV: 10%) than when tests were carried
out with the standard equipment {CV: 5%, (Slabbert, 1988}.

Table 13 presents the controf values obtained for the bioassays. A fair amount of variation
occurred between control resulls. Variations like these might affect the sensitivity of
bioassays, and where necessary, attention should be given to standardize tests. On a few
occasions very low cantrol growth was obtained with algae, even though a further incubation
period was allowed (density readings of 0,08 to 0,1 should be aimed at). It has bsen
demonstrated that enzyme tests are more sensitive if low enzyme concentrations are used for
toxicity testing (Metelerkamp, 1986). It is expected that the luciferase test might show a
considerable increase in sensitivity if the enzyme concentration is reduced to have a maximum
light ievel of 1 000 mV for the control. A comparison between immediate lumninescence values
and decay rate showed a linear relation {correlation coefficient: 0,92). Although 200 celis were
seeded in the mammalian cell colony formation assay, not all the cells will attach to plates.
The average cloning efficiency (number of cells seeded on control plates/number of cells
developing into colonies x 100%) for the BGM and V79 cell assays were 47,5% (range: 24%-
61%) and 80,5% (range: 52%-102%), respectively.

The resuits of the microbial toxicity tests are presented in Table 14. Percentage inhibition/
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TABLE 11: Effect of raw and treated drinking water samples on fish and water flea
[r= = i =i —
Fish test Water flen test
Sampling Date Sample % Lethality after exposure time: % Lethality afler exposure time:
locatlon
24 h 4B h 72h 96 h 24h 48 h
Schonmansyila 29.07-1991 Raw wales - Dam ] o 0 10 0 1]
Pre-chiariusted water o 10 o 10 a o
Fingl waler ~ zeraled 10 20 o 20 ] 44
Fhwnl water - nextiakzed ] o o 10 1] 0
30-09-1831 Rew water - Dam 0 a 0 D o o
Pre-chicrinated water [ 10 10 10 0 ]
Fltinl water - neutralized o 0 L+] ] o o
I Riotvie] Dom 05-08-1891 Raw water - Dam 0 0 0 0 b o
Pre-chlotinated woter D 0 0 0 o a
Flanl wulot - eeraled o o o 20 0 0
Final water - neutrelized [ a o o 0 o
07-10-1991 Faw water - Dam 0 L] Q o o [+
Pta-chlorinated waler a L] a o 1] e
Flral water - neutrafzed Q [ 0 0 o ]
" Pairys 27081804 Raw water - Fiver a ] a 1] [+] 1]
Pie-chlorbated waler a a 4] a 1] a
Final waoler - nevtrallzed o o o o o [
28-10-1981 Aaw wales - Alver o 0 o o o o
Pre-chiorkated waley a 0 o 1] 0 o
Final vrator - neuirpized o o o o o 0
ll Kipgat 17091984 Raw watet « River 1] L+] 4] ] o o
Seopoge wel waler a D o 0 4] 1]
08-1t-1091 Raw waber - FAlver n 0 b g o [\
Seepage well waiar 1] o A] a a 4]
Aples River 17-08-18m Baw wator 1 - River 4] o 0 1 (1] 1
Raw water 2+ River o I:I ] 10 a o
06-11-1891 Rav water 1 + Rives 0 o 1 0 a o
Raw waler 2 - Fiver 1) 0 a o 4] 1}

UDISSILULLOD YDIBasal JBIBM

Buifessuoig Auomoy Joy SBUBRING 0 JuBwdoBAs]




Op sfesseolg jo uonenea3 pue uonedlddy

TABLE 12: Reproducibility of microbial, enzyme and mammalian cell toxicity tests
Algal growth test Luciferase enzyme test Acetyl- Mammallan cell colony
Protozoan Bacterlal cholin- formation test
oxygen growth test ezlerase
uptake test AAM growlh B8G-11 immediate Lumines- enzyme test _
medium growth lumines- cence BGM cells V79 cells
medium cence decay rate
Cv's'for | 1;3;4;6; 7:8;11;12; | 5 6;8;12;, | 1:1;1: 2; 2, 3,4, 6; 1,289 0,1, 2,22, | 3 4, 6; 6, 6 3:3; 4; 4, 5
controlsof | 7;8; 8, 9 15, 25 16; 25 2;:2: 3 4; 6; 6; B; 9; 11; 11; 12 3333 | 77911 56,777
allseisof | 19; 20 5,58, 6 6 11;12; 16 14; 16; 16; 556, 7;7; | 12,13, 14; 7,7 8; 14,
samples 8 8;1 17; 24 7:8;9;10; 14;17; 19 14; 17
tested (%) 10; 10; 11;
13; 13; 15
Average
CV + SD? B5=*63 13,0+ 6,5 120786 46+ 38 76+ 42 11,8 £ 64 6342 99+ 48 74 = 41
(%) .
! Coefficient of variation
2 Standard deviation
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TABLE 13:  Control results of different bioassays

Protozoan WMammallan
oxygen eell eolony
vptake Algal growth test Luciferase enzyme test Acetyl- formation 1est

1ast {0D) Baciarial fiight level/slope) cholin- {number of
{ratio of growth osterase cells)
test to test enzyme

reference AAM BG-11 (oD} Irvme- Lumines- test BGM V79
slope) growth growlih diate cence {slope) cells celis

medium medium jumines- decay
. cance -rate

Avelage

control 0,67 0,0%% 0,04 0,455 - 1 "M o237 a5 18%
vakias

Cantril

valie 0,550,789 o.0300068 | 00052 | 01230835 BI4-A857 28174 o2g042 | B2 | 124004
fange

stimulation, as well as the significance of results, are given. The oxygen uptake test detected
toxicity in 4 water samples (inhibition: »10%), the alga! growth test using AAM medium in 10
samples, the algal test using BG-11 medium in 3 samples {inhibition: >20%), and the bacterial
growth test in 5 samples (inhibition: 210%). Oxygen uptake inhibition was slight, ranging from
10 o 18%, and bactsrial growth inhibition ranged from slight (10%) to moderate (23%). In
general, high levels of inhibition were obtained for alga! growth, varying between 22 and.
100%. The three samples showing toxicity towards algae using BG-11 growth medium,
were also toxic to algae grown in AAM medium. It was expected that the two algal tests would
give similar results, bacause of their similar sensttivities. The differences observed couid be
attributed to problems experienced with low growth (standardization needed). Alarge number
of samples stimulated microbial activity (oxygen uptake: 11 samples; algal growth AAM
medium: 15 samples; algal growth BG-11 medium: 18 samples; and bacterial growth: 16
samples), indicating the presence of nuirients in the waters. [t can ke seen in Tabie 14 that
those bioassays showing toxicity/presence of nutrients when applying detection limits
(protozoa and bacteria: 10% and algae: 20%), were not always significant when applying
Student’s t-test. On the other hand, some resulis below detection limits, and interpreted as
an absence of toxicity/nutrients, were significant. Table 15 compares the two methods of
result interpretation. A large percentage of the results were in agreement (64 - 86%).
Conversely, a small percentage of the results showed an absence of toxicity/stimulation using
detection fimits, while Students t-test proved the effect to be significant (protozoa: 0%; algae -
AAM medium: 4%; algae - BG-11 medium: 3%; and bacieria: 14%). A relatively large number
of the results of the protozoan test and the aigal test using AAM medium showed toxicity or
stimulation when detection limits were applied, while the t-test indicated that effects were not
significant (36 and 25%, respectively). These differences are due to the large variation
between repetitive tests (test and control) in certain cases, rendering a negative resuit with the
iHest. The large variation in the control results of the oxygen uptake test occurred because
fests were carried out consecutively and not simultaneously as with the other bioassays
(acetylcholinesterase iests were also carried out consecutively). In the case of the algal test
using BG-11 medium and the bacterial test, only a small percentage of the results showed
loxicity or stimulation whiie the t-test was negative.

None of the water samples inhibited luciferase or urease enzyme activity, indicating an
absence of toxicity (Table 16). The negative resulis obtained with the urease test indicated
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TABLE 14:

Effect of raw and treated drinking water samples on protozoa, algae and bacteria (+ indicates stimulation)

Prolozosn oxygen uplake test Algal growih test Bacterial growth test
Samplinp Date Sampte
locatlon % Inhiblilon Result AAM grewih mediom BG-11 grawlh medium % Result
significant Inhibitlon slgnificant
{yin) %% nhibilion Realt signiflcand (y/n) % Inhlbllion { Resull significant (y/n) {yin)
Sehormana- 25-07-1981 RAaw waier - Dam 10 n 22 ¥ +42 ¥ +24 Y
e Prea-chiorinaled waler ] n 82 ¥ +48 ¥y +28 ¥
Finat water - nerated +5 n L1] ¥ 10 n +12 ]
Final water - nautralized 15 ¥ a ¥ 13 ¥ +7 n
30-08-1981 Raw water - Dam +f n +2 n +E n +33 1]
Fro-chiornohod water 0 n 1l ¥ 3 ¥ +38 ¥
Final water - neutratized 2 n +3 n 422 ¥ +8 ¥
Rietviel Dam 05-08-1891 Fener wrater - Bam 5 n +2 n +259 n 10 ¥y
Pre-chiosinated water -] n 0 n 100 n 23 ¥y
Final woter - asraled -] n +42 n +B3 n 10 ]
Final watar - nautrolized 13 R 54 n +8 n 8 ¥
07-t0-1884 Haw waler - Dot +21 y +45 ¥ +35 ¥ +38 ¥
Pre-chlornated watar +17 n +51 ¥ +a n +48 ¥
Firal water - navtroiized +17 ¥ +52 y +4 n +11 ¥
Parys 21081991 Paw water - Aoy 3 n i n +188 ¥ +18 y
Pra—chiorinaiesd waler 2 n 93 n +238 Y +11 ¥
Final woter - neutrakzed a n +114 ¥ +594 ¥ +24 ¥
28-10-1891 Raw water - Fiver +11 n +20 n +85 ¥ +4 ¥
Pie-chiorinnie waier 7 n +40 ¥ +78 ¥ 4 ¥
Final water - nautralized +8 n 42 ¥ 5 ¥ a n Il
Hhipgat 17051991 Rnw woter - Aler +8 n +69 ¥ +118 ¥ 19 ¥
Saepage wel woler : ] n t7 ¥ +7 " +14 ¥
08-11-1Dat Faw water - Fiver +12 ¥ +85 ¥ +B5 ¥ +B n
Sevpage well waler +19 n +82 ¥ +30 ¥y . +28 y
Apies Piver 17-09-1691 Raw waler 1 - Avar +10 n +208 ¥ +359 ¥ +11 ¥
Raw waier 2 - Aher +10 n +4a ‘y +92 ¥ 14 ¥
08:- 118N Raw waier 1 - Alver +44 ¥ +15% ¥ +178 y +3 ¥
Raw waler 2 - Rivet +38 n +B85 ¥ +42 ¥ +28 ¥y
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TABLE 15: Comparison between results calculated as percentage effect and Student’s t-test
Protozoan Algal growlh test Luciferase enzyme test Acetyl- fMammalian cefl colony [
oxygen Bacterlal cholin- formation test
uptake rowth test esterase
l:est AAM BG-11 g immediate Lumines- test BGM cells V79 cells
growth growth lumines- cence
medlum medium cence decay rale
Results of
Student’s t-
test and
|| percentage 64% 71% 86% 79% 96% 92% 92% 93% 82%
effect
calcutated in ||
agreement'
Resuit
significant
but effect 0% 4% 3% 14% 0% 0% 4% 7% 7%
below
detection
limit?
Result not
significant |i
but eifect 36% 25% 11% 7% 4% 8% 4% 0% 11%
|| above
detection
limit?
| — e — — =J_
1 Calculated effect > detection fimit = result significant; caiculated effect < detection limit = result not significant
2 Detection limit for algal, luciferase (decay rate) and BGM mammalian cell test: 20%; Detection limit for all other tests; 10%
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TABLE 16: EHect of raw and treated drin

king water samples on enzyme tests (+ indicates stimulation with luciferase and acetylcholinesterase tests)

Luclferage enzyme test [(-) - No resulis] Uresse enzyme test
Sampling Date Sample Acetylcholinesterass enzyme test
locatlon Immediste luminescence Luminescence decay rate Inhibltien {+); No effect {-})
% Result % Hesult 2,0 mgimi 1,0 mg/me 0,5 mg/mi¢ % Result
Inhibltlon significant (y/n) Inhibl{lan significant {y/n} enzyme enzyme enhxyme Inhikition significant {y/n)
Schoe- 28-07-1091 Raw water - Dom +02 ¥ +140 Y - - - 4} n
monaviie

Pre-chlorinated wiler +88 ¥ +45 ¥ - 7 n
Flenl water - perated +45 y +12 n - - +1 n
Flinnt watar - nautralited +50 ¥ +77 ¥ - - - ] ¥
30-09-189H Raw water - Qam +B4 ¥ +89 ¥ - - . +19 ¥
Pre-chiainated water +52 ¥ +63 ¥ - B - +8 n
Flnat waier - neulralized +24 ¥ +41 ¥ - . 12 ¥
Hietvlei Bam 05-08-1894 Raw water - Dam +124 ¥ L) y - - +3 ¥

Pre-chiasinated waler +145 ¥ 195 ¥ - - - +15 ¥ “

Final waler - nerated +118 ¥ +183 ¥ - - . +18 y "

Finat water - nautratized +137 ¥ +124 ¥ - +18 ¥ "

07-10-1684 Plaw wator - Dum +38 Y +39 n . - - +8 n [
Pre-chkinaled waler +B5 ¥ +B3 ¥ - - B +1 n
Final waler « neutralized +10a ¥ +8¥ ¥ . - . +8 n
Parys 27-0e-tpat Raw water - Alver . B . . . - . a "
Pyo-chiorinaled walet - - - - . - +B n
Final waler - neutralizad - - B - . . . +5 "
28-10-1691 Raw waler - Rher +129 ¥ +113 ¥ - - . +17 a
Pia-thiorinoled veber +B5 ¥ 7 n - . - +13 ¥
Final waters - neutralzed +102 ¥ +B85 ¥ . - - 2 y
Kipgat 17-09-1891 Fove water ﬁ\mr +11 n +5¢ ¥ . - - 1 n
Szapags well waler +120 ¥ +185 ¥ - - - 1 n
0a-11-1894 Raw watar - River +25 ¥ +27 n - - - +2 n
Seepage well water +72 ¥ +164 ¥ - . . ] y
Aplex River | 47-09-1891 Raw waler 1 -Rimr +108 y +183 ¥ . - . +20 ¥
Row waler 2 - Aiver. +B5 ¥ +153 ¥y - - +18 ¥
06-11-1591 Raw veater | AHiuml +62 y +117 y - - 4 n
Raw water 2 - A +46 Y +114 ¥ - +] n

UDISSIULLOY Yolessay JBem

Bufesseoig Aitoixo], 10} sauyeping jo waltdoeseg

|
i
i
H




Water Research Commission Development of Guidelines for Toxicity Bioassaying

that heavy metals were present at non-toxic levels., Three samples were toxic to
acetylcholincholinesterase (inhibition: 210%). Effects were slight and ranged from 1010 12%.
In all instances the toxicity was caused by final water neutralized with thiosulphate, suggesting
that the enzyme was possibly sensitive to this chemical, 1t is unlikely that the effects were due
to pesticides, since similar effects would have been observed with the pre-chlorinated
samples. Nine samples stimulated acetylcholinesterase activity, and almost all samples
stimulated luciferase aclivity. The increase in enzyme activity is possibly due to changes in
enzyme conformation {structure}, resufting in more binding sites. it is not clear which
chemicals in the water caused these effects, and the role of toxic chemicals cannot be ruied
out. In general, similar results were obtained with the iuciferase enzyme test, whether
immediate luminescence or decay-rate was used. The results of the Jucierase and
acetylcholinesterase tests were aiso evaluated using Student'’s t-test. Table 16 indicates in
which instances effects were positive (toxicity/stimulation), and when results of Student's t-test
were in agreement with these findings. Between 92 and 96% of the resulis calculated by
means of detection limits were in agreement with the results of the t-test {Table 15). None of
the results of the luciferase test and only 4% of that of the acetylcholinesterase test were
significant when no toxicity/stimulation was detected using detection limits. Furthermore, only
a small percentage of the resulis showed toxicity/stimulation (luciferase - immediate
luminescence: 4%; luciferase - decay rate: B%; and acetylcholinesterase: 4%).

The effect of raw and treated water samples on mammalian cells is shown in Table 17. Nine
samples were toxic to BGM cells (lethality: 220%) and 3 to V79 cells {lethality >10%). In

general, effects on BGM cells ranged between 20 and 36%. On one occasion’

{(Schoemansville raw water - 30-09-1991) a lethality of 51% was detected. The effects on V79
cells ranged from slight (10%) to moderate (27%). Twe of the samples showing toxicity
towards V79 cells, were also toxic to BGM cells. Certain samples stimulated colony formation
{(BGM: 6 samples; V79: 5 samples), indicating that the water contained growth promoters.
Table 17 indicates which samples tested positive for toxicity/growth promoters, and in which
instances these results were also significant. The results of Table 15 show that with both cell
lines, more than B0% of the results which were positive when using detection limits were also
significant, and less than 10% of the samples which were negative showed significance. in
the case of V79 cells 11% of the samples were not significant but showed effects >10%.

3.1.2.3 Ames Salmonelia mutagenicity test

Control plates contained between 19 and 68 colonies in the case of tester strain TA98 and
between 149 and 304 colonies in case of tester strain TA100. No mutagenic activity was
observed (Table 18) with either tester strains, with and without metabalic activation, except for
the following raw water samples: Rietviei Dam - 07-10-1891, Klipgat - 06-11-1991; and Apies
River - 06-11-1991. In some instances concentration of the water samples resulted in
increased MR values, but MR values were stifl <2, indicating no significant mutagenic activity
(except for the 3 samples mentioned). '

The Rietvlei Dam raw water showed marginal mutagenicity (MR = 2,0) on 4x concentration
without metabolic activation, using tester strain TA98. Unconcentrated, as well as 2x and 4x
concentrated Klipgat raw water displayed mutagenic activity, using tester strain TA98 in the
presence of liver extract. Concentration resulted in increased MR values (1x: 2,3; 2x: 2,6; and
4x: 3,8). The unconcenirated Apies River water showed slight mutagenicity (MR: 2,1), while
the effect of the 4x concentrate was larger (MR: 2,6), using TA98 with metabolic activation.
No effect was observed with the 2x concentrate. Levels of mutagenic activity between 2,0 and
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TABLE 17: Effect of raw and treated drinking water samples on mammalian cells
{+ indicates stimulation)

Buffalo green Chinese hamster
monkey (BGM) cells V79 cells
Samplig | Date | Sample - —
% signifi- % signifi-
Inhibition cant Inhibition cant
{y/n) {y/m)
Schosmans- | 20-07-1591 Rew water - Dam +35 n 2 n
vile Pre-chicrinatad water ] n 6 n
Final water - aerated 25 ¥ 27 y
Final water - neutralized 4 n o n
30-08-1891 Raw waler - Dam 51 y 6 n ﬂl
Pre-chlorinated water +21 ¥ o n
“ Fine! water - neutralized +20 ¥ +4 n
Rietvlei Dam | 05-DB-18991 Raw water - Dam +83 y -] n
Pre-chlerinatad water +80 y 10 n
Final water - asrated +70 ¥ +7 n
Final water - neutralized +89 ¥ +11 y
07-10-1891 Raw water - Dam +17 ¥ +2 n
" Pre-chlorinated water +14 n +1B ¥
Final water - peutralizad +2 n +9 ¥
Parys 27-08-1931 Raw water - River +10 ¥ +6 n
Pre-chlorinated water +5 n +26 y
Final water - neutralizad 0 n +26 ¥y
28-10-19H Raw water - River +18 n 7 n
Pre-chlorinated water +1 n & n
" Fina! water « neutratizad 14 n 4 n
Kiipgat 17-08-1991 Hew walar - River 28 y +10 n
Seepage well water 34 ¥ 1" n
06-11-1951 Raw water - River 36 y 4 n
Seapaga well water 22 ¥ +3 n
Apies River 17-09-1991 Raw waler 1 - River 3z ¥ +3 n
Raw water 2 - Hiver 5 n +4 n
06-11-1861 Raw water 1 - River 24 y +9 ¥
_ Few weter 2 - Fﬁver 20 y +2. n _‘
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TABLE 18: Effect of raw and treated drinking water on Salmonelia tester strains
Tester etrains
Sampling Dale Sample Concantra-
location flan TASB-5% TA9E+59 TA100-59 TA100+59
Muistlon ratlo
Sehoo- 253-07-19M Raw watar - 1x ar 07 0.7 06
mansville Dam
Iy 1,0 0.7 0.6 0.7
L5 08 06 1.1 0.9
Pre- 1x 08 0.6 1.1 a7
chiorinaled
watar -3 08 0,7 0.8 0.6
ax 1,2 0,5 1.0 0.6
Firal watar - 1x 0.8 0,7 4 X: ] D6
chiotinated
o ) 0.8 oz [LE:] 0.6
4x 0.8 a7 1.0 0,6
Hietviai {15-0B-1581 Haw water - 1% oV [u¥:] 08 1.1
Dam Dam
2 0.8 0.9 0,7 0,9
ax 08 o7 0.8 1,2
Pre- 1% 11 0.8 09 1.2
chiorinated
watar & 09 0,9 07 1,4
4x ik:] 1.0 0,5 1.2
Final water - 1x a7 0.3 07 1.4
chiarinated
2 a9 1A ] 2 1] pix:]
4x 1.1 0.8 1.2 1.3
Parys 27-0B-1551 Raw watef - x "0 08 11 0.7
River
x 1,2 09 0.9 1.0
4x 1,0 09 13 1.2
Pre- kH 1.3 07 1.3 1,2
chiorinated ;
walar b ] 1.1 a8 1.2 0.8
L1 1.0 o7 143 12 i
Final walar - 1x 04 [1X: ] aB 07 I
chiarinated
x 14 D8 a8 0,8
4% 17 09 1.2 1.0
Klipgat 17091991 Raw waler - 1x 13 0.7 a6 0.8
River
2 11 0,9 0.7 0.7
dx 1.7 0.8 0.6 LiX:]
Seapege 1x 1,1 [ g 0.6 a7
weall watar
2 1.6 0.9 07 a9
A 18 0.8 058 09
Apies River | 170941991 | Raw waler 1 1x 11 0,5 0.5 07
« River
x 13 0.9 0.8 1.0
4 1.7 03 o8 1.2
Raw water 2 x 1.2 0,5 0,6 ['A]
« River
2x 1.6 1,0 08 09
4x 13 09 07 11
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TABLE 18; Effect of raw and treated drinking water on Salmonella tester strains

Devalopment Ef Guldelinas"”fdf'To:'dEi'i; "Bioassayiﬁg

(Continue)
Teaior sirsine
Sampling Date Sample Conean-
location iration TABE-59 TABB+SE TATIDG-58 TA100+58
Mutstion ratio
Schoe- J0-08-1997 RAaw watsr - x 1.5 09 10 1,0
mansville Dam
=3 13 0.9 1.3 1.2 !
4x 1.8 1.1 1.4 1.4
Pra- ™ 1.3 1.1 1.4 13
chiorinated
waler x 1.5 1.2 1 X} 1.0
ax 1,4 10 1,0 1.3
Final watar - 1x 11 1.2 1, 1.0
chilorinated
o 1,3 11 11 0.8
4x 14 1.2 13 1.0
Riatviel a7-10-1991 Raw water - 1% 1.9 0.5 10 1.3
Cam Dam
s 4 1.8 1.2 1.2 1.3
& 20 12 12 1.4
Pra- 1% 1.7 1,0 1.1 09
chiorinated
waler s 4 1.7 1,1 1] [uk:]
4x 1,3 1.0 1.2 1.1
Final water - 1% 1.2 0.9 1.0 o
chiorinated
x 1.7 11 : 1.1 N
4x 1,6 18] 1.1 -
Parys 28-10-1981 Aaw water - 1% 14Q 05 0.9 0.5
River
2 1.0 08 11 04
A% o8 a8 14 1.2
i Pre- x 0.9 0.7 1,0 o7
chiorinated
waler 2x 07 0.6 1.0 0,5
a 0.8 1.0 1.2 1.4
Final water - 1x 0.6 o7 11 0.9
cilorinated
2 0,8 07 1.1 [} I
Ay, 0.8 0.8 a9 0,5
| Wipgat 06-11-1991 Raw water - I 0g 23 086 06
River
2 08 286 09 X}
ax 0.8 as 10 11
Sespage i 0.8 1,2 06 07
well water
2 a8 1.0 09 1.0
Ax 1.1 17 1.0 11
Apios Rivar 06-11-1991 Raw waler 1 bt 1.0 17 0.5 0,5
- Rver
2 a9 1.8 0,8 0.8
ax 1.1 7 1.0 10
Aaw waler 2 1x 1.1 21 [+X:1 0.6
« River -
o 09 19 a7 0.7
Ax 1.2 28 0.9 09
' o grovdh Pasitive results in bald
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3,8 were recorded occasionally in conventionally treated water in other studies.

3.1.24 Toad embryo teratogenicity test

Problems were experienced with this bioassay. Although three pairs of foads were injected,
the production of toad eggs could not always be guaranteed. In some instances eggs were
produced, but ihey were not always fertilized. For a large part of the first sampling period no
eggs were produced. The only samples tested during this period were Schoemansville and
Ristvlei Dam.

Two sets of tests were carried out with the first Schoemansville and Rietvlei Dam samples.
Each set used eggs from a diiferent pair of toads (iwo pairs of toads produced a large
number of eggs in each case). Because of the problems with fertilization and egg production
experienced, thereafter, eggs from different spawning tanks were pooled for testing.

In genera), ihe percentage of eggs that hatched in control tests ranged from 19 to 38% (Table
19), which indicated low levels of fertility. The only exception was the control of the first set
of Schoemansville samples where ali eggs hatched.

This bioassay was not well quantified for toxicity testing, as only approximate numbers of eggs
were placed in iest containers (eggs were not counted). Furthermore, eggs were removed
it batches from spawning tanks without proper mixing, and certain batches of eggs could
have been less fertilized than others. Because of the variation in numbers of eggs used, a
result was interpreted as a toxic effect when >50% ofthe eggs in test containers (compared
1o controls) did not hatch.

The results of the two sets of Schoemansville (29-07-19391) samples differed. In the first test
three samples showed toxicity, while in the second no sample was toxic. On the ather hand,
similar results were obtained with the two sets of Rietviei Dam (05-08-1991) tests, Intotal 7
of the 21 water samples tested showed toxicity,

The number of spontanecus deformities in controls and deformities in water samples were in
agreement {0 - §), indicating an absence of teratogenicity. In general, the type of deformities
which occurred in water samples were also similar to those abserved in the controls (Table
19).

3.1.25 Summary of toxicity test data

The toxicity data obtained with the different bioassays are summarized in Table 20. The waler
flea, luciferase and urease tests did not detect toxicity in any of the water samples. On the
other hand, a relatively large number of samples showed toxicity with the fish, algal AAM
medium, and BGM mammalian cell tests. None of the following water sampies were toxic:
raw, pre-chlorinated, and final Rietvlei Dam water sampled on 07-10-1891; Parys final water
sampled on 07-10-1991; and Parys raw and pre-chlorinated water sampled on 28-10-1891.
Eight samples showed toxicity with one bicassay only; four samples with two bioassays; five
samples with three bioassays; three samples with four bicassays; and two with five bicassays.
No specific pattern in the responses and sensitivities of the iest systems was observed. For
most of the bicassays effects were slight. High toxicity was observed in a number of
instances using the aigal, BGM mammalian cel, and toad embryo tests.
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TABLE 19: Effect of raw and treated drinking water samples on toad embryos
Sampling Date Sample % Eqngs Number of Type of daformities
location hatched deformitles
Schoa- 29-07-1501 Cantrol 113 3 underdeveloped, na pigment,
mansville cutved spine
Raw wales - Dam az 2 underdeveloped, no pigmant
Pre-chlorinatet! water A 2 curved spine
Final walar - asrated 0] 2 underdeveloped, curved spine
Final water - nauirplized M 2 underdeveinped, flanenad body,
no tails
25.07-1981 Contral 25 2 ' curved spine
Raw water - Dam 1] 0
Pre-chiarinated water 17 2 curved spite
Final waler - aeralad Fa 2 euyrved spine. no plpment
Final water - neutralzed 23 2 tails underdevelopad
30-09-1991 Canrol 38 0
Raw wates - Dam a5 1]
Pra-shiorinated water 41 /]
Final water - neutrakized 40 2 tails curved
Rietviai Dam 05-08-1991 Conirel 21 5 underdeveloped, loss af
swimming ahility
Faw water - Dam 2 1]
Pre-chiotinaled water 5 0
Final walet - aemtad 3 1 undardeveloped, curved sping
Final watar - neuiralized 0 0
05-08-1991 Cantro) 19 3 underdevelopad, curved spine l
ard Latis
Raw water - Dam 4 2 urderdevaloped
Pre-chiorinated wales 6 2 undardevelopad, taits curved
Final walef - aerated 0 o
Final water - neutralized 2 1]
07101991 Control a8 0
Raw water « Dam 25 0
Prechlotinaleg water kY a
Final water - neuiratizad 51 1]
Parys 28-10-1881 Comrol a8 0
Raw water - River 50 o
L Pre~chiorinaled water 59 1 tall underdevelapad
1 Final water - neutralized at 0
Kiipgat D6-11-1851 Cariryl 19 0
RAaw walar - Rivar 19 1 underdevalopad — J
Seepage well waler 12 0
Apiea River 06-11-1991 Conro) 19 ]
Raw water 1 - Afvar 30 a
Haw_walar 2 - River I 19 o] _
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The adverse effect of the final aerated water on some of the test systems could have been
due to traces of free chlorine still present in the water. On the other hand, the effects of the
final water neutralized by thiosulphate could be attributed to an excess of the chemical.
Chemicais such as aluminium, iron and zing, present in flocculants, could have been the cause
of toxicity in pre-chlorinated water samples. Such chemicals were occasionally present in
Windhoek reclaimed water after the flocculation step, when toxicity was detected {CSIR, 1989).

3.1.3 Conclusions and recommendations

With the exception of the water flea, and luciierase and urcase enzyme tests, all the acute
toxicity tests detected toxicity In one or more of the water samples, In general, the effects on
the test systems were slight. However, the algal, mammalian cell, and toad embryo tests
showed high levels of toxicity for @ number of samples. Toxicity was detected in both raw
and treated water. No specific pattern in the responses and sensitivities of the test systems
were observed. The results obtained with the urease and agetyicholinesterase enzyme tests
indicate that heavy metals and organaphosphate and carbamate pesticides were either absent
or present at low concentrations. Mutagenicity was detected in three raw water sampies,
while none of the samples showed teratogenicity.

A good reproducibility was found with most of the tests (CV. <10%). This was found to be
in agreement with the precision obtained for tests used in other countries, or even exceeded
it.

The good agreement between results calculated as percentage effects and by means of
Student’s t-test (Table 15) indicates that the use of detection limits could be adequate to
decide whether or not effects are significant. In a number of instances detection limits might
provide false positive results. However, the possibility that significant effects might not be
picked up by using detection limits are fimited,

Most of the biologica! tests applied are well established. However, in certain cases
optimization is necessary. For example, the luciferase test was not well evaluated previously,
Some changes might be required to enhance the sensitivity of the test, e.g. the use of a lower
enzyme concentraiion. The protozoan oxygen uptake test was carried out with the modified
oxygen monitoring apparatus which allows for simultaneous testing of samples. However, the
test was found to be less reproducible (which reduced the sensitivity level) than when using
the standard equipment. This shoricoming might be overcome by optimizing the modified test
equipment. Inoculum concentration plays an important role in the sensitivity of microbiai
tests. Attention should be given to the standardization of these inocula. In general algal
growth was l(ow, indicating that parameters such as temperature and light should be
optimized. Manhy of the discrepancies which occurred in the toad embryo test were-due to
the fact that approximate numbers of eggs were used for tests. It is recommended that a
fixed number of eggs be used in tests (50 or 100, depending on availability of eggs). itis also
recommended to introduce quantitative determination of urease results using a microplate
reader.

Only the Ames Salmonelia assay is currently used as short-term test io detect potential
carcinogens. Although extraction of water samples is costly and time-consuming, a higher
sensitivity might be obtained with the Ames test if extracted samples were used.

It is recommended that thiosulphate should be used to neutralize free chlorine in drinking
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water in future application, mainly because it does not cause delays in testing as experienced
with aeration. The optimum concentration required to neutralize free chlorine should be
gstablished to minimize effects on test systems,

Many of the tests showed enhanced activity when exposed to the water samples. This is
usually attributed to nutrients in the water. The control of such tests are usually carried out
with deionized water. I is recommended to evaluate synthetically prepared water as
alternative controls,

The findings of the study indicated that both acute and chronic tests were efficient, and
alihough some maodifications are needed the tests were found suitable for the evaluation of
water toxicity.

3.2 Ground- and surface water
3.2.1 Water samples

Twelve groundwater samples, six dam/lake water samples and six river water samples were
collected. The sample information is summarized In Tables 21 and 22. Each location was
sampled once (period: June - November 1992). [t was envisaged to collect six groundwater
samples from hazardous waste sitesfareas. This was, however, not possible as the boreholes
on such sites are usually not fitted with pumps, and sampling by hand was not feasible
because large volumes of water were required. As an alternative, samples were taken from
boreholes where chemical contamination was suspected (e.g. industrial area, plant park, near
petrol depot and refuse sie).

The pH, dissolved oxygen content and temperature of the water samples were measured on
site. Samples for chemical analyses were taken in separate containers and preserved as
required in standard methods. The chemical data of the different waters are presented in
Tables 39 and 40.

Immediately after receipt, the water samples used for the microbial, enzyme and mammalian
cell toxicity tests were steriiized by filtration through a 0,22 pm membrane filter, Although
sierilization was not necessary for the enzyme tests, it had the advantage that samples could
be kept for an extended period without changes in quality, if tests could not be carried out
immediately (e.g. luciferase tesf). Initial testing of unfittered surface water sampies with the
urease test indicated that particulate matier interfered with density readings and that
prefiltration was necessary if samples were not filter sterilized. Tesi and control media for the
mammalian cell tests were prepared according to the procedure described in Section 3.1.1.

Samples which were suspected to be contaminated with latent organophosphates were
oxidized before being tested with the acetylcholinesterase enzyme test, For oxidation N-
bromosuccinimide was added to the water sample and control.

The samples for the Ames Salmonella mutagenicity test were concentrated by means of flash
evaporation (2x and 4x} (Section 2.1.10) and XAD resin extraction (US EPA, 1985b). Two
methods were followed to prepare the nutrient agar plates with unconcentrated and flash
evaporaied samples. In the one methed the nutrient agar was prepared with the sample and
autoclaved as described in Section 3.1.1. In the second method one fifth of the sample was
used io prepare the agar which was autoclaved. Four fiiths of the sample was used io
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TABLE 21: Sample information - groundwater
Sample Sampling Sampling location and use Physical observation
" date
CsiA 30-06-1992 | Southern side of campus - irrigation and | Clear
maintenance fish ponds

Wonderbgsom 01-07-1992 Situsted in privata garden - irigaton Clear

Winterveld 1 09-11-1952 Rural area - drinking Clear

Winterveld 2 09-11-1992 | - Rural area - drinking Clear

Mareletta 09-11-1882 | Situated in private garden - imigation Yellow colour - plants and walls stained

Park -

Watatkloof 10-11-1992 Situated in privata garden - imigation Water slightly turbid with small solid
particles, very bad rotting smell - bees
have nested in the borehole

ISCOR 18-11-1992 Neer resarvair, hole in ground about 600 | Clear with black particles, mothball smell

metres frem borehale - irrigation end
industrial
Silvertan 1 18-11-1992 On grounds of SPCA, petrol depot Clear
across the road - animal use end
irrigation
Derdepoort 18-11-1882 On smellholding batween Eersterus Clear, changes te light brown
refuse sita and quarry next 1o
Pistersburg highway - irrigation and
drinking .
Silverton 2 18-11-1992 In privata garden close 1o Moreletta Cloar
Streamn and a parage - drinking and
irrigation

Fochville 22-11-1892 In private garden - irrigation Clear

Anafin 24-11-1892 | Situsted In plant park, possible Claar

presence of pesticides - irrigation and
drinking

dissolve the nutrients. This solution was then fiter sterilized (0,22 um fitter). The iwo
preparations were combined after the agar had cooled down. XAD extracts were prepared
by pumping 20 ¢ of sample through a column containing XAD-7 resin. Organic chemicals
adsorbed onto the resin were then extracted by means of acetone, which was concentrated
to a final volurme of 10 m¢

All the samples were stored at 4°C before testing.
3.2.2 Results and discussion

3.2.2.1 Fish and water fiea tests

Tables 23 and 24 present the results of fish and water flea tests. While control iests were
carried out with 10 fish, the majority of test samples were evaluated with 5 fish (information in

Tables)., This was necessary because of limited numbers of fish. Six of the borehole and
three of the surface water samples caused lethality with the fish test {lethality: >10%). With
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TABLE 22: Sample information - surface water
Sample Sampling Sampling location Physlcal observation
date
Ristdei Dam 30-06-1882 At inflow of Hannops River, taken from Water looks clean
side
Bon Accord 03-08-1832 MNear dam outlet, taken from side Water looks clean, crustacea present
Dam
Roodeplaat 03-0B-1852 5-6 meires from eide of jatly - -Abundance:ol aigas and crustacea
Dam recraafionsl area
Hartbsespoort 03-08-1992 § Taken fram side near boat club, 3-4 High concentrations of elgae present
Dam kilometras fram dam wall Dead fish on slde of dam
Verwoerdburg 29-09-1992 At bridge near outlet Grey colour, algae present
| Lake
Lakafield Lake 25-09-1892 |} Taken from sida near bridge - Groy colour, algas present
recreational araa, Alphen Park, Benoni
Hennops River 30-06-1992 5 kilometres below discharge point of Grean colour, abundance of algas,
Kempton Park Sewage Warks - middle | sewage and anima! dung smell
of stream
Moreleta 03-DB-1092 North of Silverton, in Walttoo and Laok clpan, sewage amall
Stream Eersterus area - middie of steam
Jukskei River 28-08.1882 | Atweir below crushers and close 1o Green colour, containg foam, musty-fishy
bridge across old Pretoria Boad, smail
Halfway House. Taken from middie of
stream
lliondale 29-09-1992 Before confluence with stream from Grey colour, contains foam,
Stream Kelvin power station. Sample fram pesticide/cyanide smell
middie of straam
Pisnaars Rivar 23-11-1982 At bridge - old Bronkhorstspruit Road Water muddy - sampled during &
thunder storm
Fountains 24-11-1892 Recreation site - Fountalns, just Insida Waler muddy - sampled during &
Stream fence on southern side. Taken from thunder starm
middle of streem

the exception of the Hennops River sample which caused 100% lethality within an exposure
period of 24 h, all the effects were small (20% lethality}. In instances where only 5 fish were
used the significance of a 20% lethality (1/5 fish died) is in doubt. In general, the lethality of
control fish was <10%, indicating that fish were in good healtth. However, when tests were
carried out on CSIR and Wonderboom groundwater, and Rietviei Dam water, a control lsthality
of 30% was observed, These results are, therefore, not valid.

Nine of the borehole samples caused lethality with the water flea test (lethality: >10%) (Table
23}. Lethality ranged between 15 and 100% alter 48 h exposure. Because it was suspected
that effects were due to chemicals with a high oxygen demand, tests were repeated on water
samples (1 to 3 weeks after sampling) after an aeration period of 4 h. The results (in
parenthesis} in Tabie 23 indicate that toxicity was removed or reduced in five of the nine
sampies. Onthe other hand, alarger lethality was observed for two of the samples. Only
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TABLE 23: Effect of gr_oundwaier on fish’ and water flea g |
I - Fish test [(-} - No results] Water flea test g
Sample % Lethality after exposure time: % Lethality after exposure time: Cgi
24 h a8 h 72h 96 h 24 h a8 h | %
CSIR 0 0 0 102 0 0 >
Wonderboom 0 0 0 20? 0 0
\ Winterveld 1 0 0 0 0 100 (0) 100 (90)
Winterveld 2 0 0 0 20 100 (0) 100 {100) -
Moreletta Park 0 0 0 0 0 (0) 0 (0) i
Waterkloof 20 20 20 20 40 (0) 40 (0)
ISCOR 0 0 20 20 85 (0) 100 (45) 5
" Silverton 1 0 0 0 0 5 (0) 25 (5) -§
Derdepoort 0 0 0 0 10 (0) 75 (95) 2
Silverton 2 0 0 0 0 5 (0) 15 (0) E‘:
Fochville 0 0 i 20 80 (0) 80 (35) “ g
Annlin 0 0 . 20 15 (0) 40 (95) | g :
! Control, CSIR and Wonderboom samples: 10 fish; Other samples: 5 fish g
e Control lethality: 30% <
Results of repeat tests on samples aerated for 4 h in parenthesis g
H
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TABLE 24: Effect of surface water on fish' and water flea

Fa:test [(-) - N: results] Water flea te;t
Sample % Lethality after exposure time: % Lethality after exposure time:
24 h 48 h 72h 96 h 24 h 48 h
Rietvlei Dam* 0 0 20 202 0 0
Bon Accord Dam* 0 0 0 0 D 0
Roodeplaat Dam* 0 D 0 0 0 0 i
| Hartbeespoort Dam* 0 0 0 0 0 0
Verwoerdburg Lake 0 )] H 0 0 0
Lakelield Lake 0 0 0 v} 0 0
Hennops River* 100 100 100 100° 0 0 I
Moreletta Stream* 0 0 0 0 0 0
Jukskei River 0 0 0 0 0 0]
lliondale Stream 0 0 0 20 100- 100
Fienaars River 0 ) - 0 0 0
Fountains Stream 0 0 - 0o 0
! Control and samples marked *; 10 fish; Other samples; 5 fish

2 Control lethality: 30%
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one of the surface water samples, namely the lliondale Stream water, was toxic to water flea,
causing 100% lethality within 24 h.

3.222 Microbial. enzyme and mammalian cell toxicity tests

The reproducibility {precision) of the different microbial, enzyme and mammalian cell toxicity
bioassays is shown in Table 25, The protozoan oxygen uplake test was the most
reproducible with an average CV of 1,9%, and the BGM mammalian cell colony formation
(cloning efficiency) test and luciferase enzyme inhibition test based on decay rate the least
reproducible, with CV's of 11,0 and 11,7%, respeciively. A very good reproducibility was also
found with the ailgal and bacterial growth inhibition tests and the- urease and
acetylcholinesterase enzyme Iinhibition tests, with CV's ranging between 4,0 and 58%. A
comparison with the resulis obtained when testing drinking water (Section 3.1.2.2) showed a
large improvement In reproducibifity for the protozoan oxygen uptake (8,5 to 1,9%) and the
algal growth inhibition test (AAM: 13,010 4,0%; BG-11: 12,0to 5,8%). The results of the
protozoan test improved drastically because the standard equipment was used. The
improvement in the algal test reproducibility was due io modifications in test conditions (Table
10). The CV's of the other tests were In agreement with those obtained in Section 3.1.2.2.
CV's of the protozoan test were always <5%, therefore a 5% change in oxygen uptake rate
was selected as the detection limit for this bioassay. The algal and bacterial growth inhibition
tests, the luciferase (based on immediate luminescence}, urease and acetylcholinesterase
enzyme tests, and the V72 mammalian cell cloning efficiency test generally showed CV's
<10% (luciferase test: 84% of results; all other tests 280% of results). For these tests a 10%
change in aciivity/function was selected as the detection limit. The CV's of the luciferase
{decay rate) enzyme test and the BGM mammalian cell cloning efficiency test, were mostly
>10% (luciferase test: 64% of results; mammalian cell test: 80% of results). A detection fimit
of 20% was selected for these bicassays. With the exception of the algal test (Siabbert and
Hiiner, 1990), the selected detection limits were in agreement with those recommended
previously (Slabbert, 1988; Section 3.1.2.2).

Table 26 presents the control values obtained for the bioassays. Very little variation is noted
between the control results of the protozoan oxygen uptake test, which is in agreement with
the findings of previocus studies when standard equipment was used (Slabbert, 1988). The
control values were lower than when the modified squipment (Section 2.1.3) was used (0,485
versus 0,67} (Tables 13 and 26), probably because the modified equipment was not properly
standardized against the standard equipment. Compared with the previous study there was
a great improvement in algal growth. In generai, a better growth was obtained with the BG-11
mediumn. ARhough every effort was made to control the growth, a fair amount of variation still
occurred. Initially growth was measured after 48 h incubation, which resulted in the desired
contral values of betwesen 0,08 and 0,10. Suddenly problems were experienced to obtain the
same growth. As a result, plates were incubated for 72 h, hence the very high values. In
some instances relatively large variations were noted between the controls of different plates.
This is an indication that the illumination was not uniform. Although a few high and low contro}
values were obtained with the bacterial growth test, the majority of values ranged between
the envisaged density of 0,350 and 0,450. The reduction in variation between controf values
was achieved by density measurement of overnight cultures o use a standard inoculum.
Atternpts were made to standardize the concentration of the luciferase enzyme test to have
a maximum light level of 1 000 mV for the control. This was, however, not easy to achieve,
The light level ranged between 333 and 1980 mV, which was a considerable impravement on
the range of values obtained inthe previous evaluation (Section 3.1.2.2, Table 13). A slight
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TABLE 25:

Reproducibility of microbial, enzyme and mammalian cell toxicity tesis

Algal growth 1est Luciferase enzyma test Urease enzyme test Acetyl- Mammalian cell Eq
Protazoan Bucterial cholin- cloning efficlency tast
ll oxygen growth eslerase
up'[nke test AAM BG-11 tast immediate Lumines- 0,5 1,8 2,0 énz’me
growth growih jumines- tence mg/m} mg/m} myimi fest BGM V79 cells
medium medium cehice decay enzyme enzyme enzyme cells
rate
CV's! for T2 22,22 2233 283 4 4; 5, 5; nhe g 01 a2 [+ P O 8 HEHE 0222 | 510,10, | 5.6 9;
contrals of a2 | 33533 444,04 | 4444 B 6; B, 10; w101 13398 tHEHE M L1128 2,222 13; 17 16
samples 4: 4 3334 6,6, 66 6 5; 5; 6; 6; i1 13; 16 15;16;17; | 3. 3, 3; 3; 2,2,2: 3 2222 223 3;
tested (36} 44 4; 4; 7:.8,9,99 |667:7 18 4; 4; 4 4; 333 4 e 3; 4; 5. B;
5 5.9 6; 10; 10; 1t 7, 7,8, 10; 4, 6; 6; 6; 4, 5 5 6 3445 8809
e 10 77808 nhnwh 6; 8; 8; 10
9 10; 10 i1; 16
Average
CV % 8D7 1,920,8 4,0+1,0 §8+20 5524 B,1x33 11,741 42423 3,6+29 26+3,7 41+29 11,0:£4,4 B,0+49
(%)
1 Coeflicient of variation
2 Standard deviation
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TABLE 26: Control results of microbial, enzyme and mammalian cell tests
— 1
Praiozean
oxygen Algal growih test Luclferase enzyme test Urease anzyme test Acetyl- Mammalian cell
uptake tesi {oD} Bacierlal {light level/slope) {OD} cholln- cloning efficlency test
{ratlo of growth esterase (number of cells)
test to , test (OD) enzyme
refarenca AAM BG-11 Immediate Lumines- 0,5 1,0 20 test
slope) growih growih lumines- cence mg/m1 mg/m? mg/m? (OD) BGM V79 cells
medium medium cence decay Bnzyme anzyma enzyme cells
rate
Rarge of 0,485; 0,045, 0,D485; 0,233; a33; 2,144; 0,027; 0,045; D,06D; 0,155; 83; 109;
controls 0,486; 0,052, 0,050; 0,295; 522; 3,335; 0,034; 0,052; 0,062; 0,180; 106; 129; |
I 0,480; 0,069; 0,055; D,325; 10D3; 5,956; 0,035 0,053; 0,063; 0,199; 118; 137;
0,491; 0.080; 0,063; 0,336; 1370; 8,1585; 0,035; 0,053; 0,066; D,229; 120 135;
0,491; 0.084; 0,074; 0,349; 1387; 7,408; 0,038; 0,054; 0,066; b,238; 138 143
D,492; 0,086; 0,074; 0,351; 1582; 9,879; 0,038; 0,054; 0,068; 0,251;
0,494; 0,000; 0,080; 0,354 1605; 10,038; 0,038; 0,057; 0,06%; 0,257;
0,4985; 0,091; 0,082; 0,357, 1731; 10,915, 0,040; 0,062; 0,068; b,255;
D,498; 0,002; 0,087; 0,363; 1904; 10,968; 0,046; 0,062; 0,070; D,275;
0,501; 0,092; 0,102; 0,360; 1956; 11,218, 0,055; 0,070; 0,074; 0,279,
0,507; D,094; 0,106; 0,371; 1980 11,505 0,056; 0,071; 0.074; 0,27%;
0,508 0,098; 0,109; 0,372 0,058; 0,075; 0,080; 0,281;
0,101; 0,115; D,387; 0,067; 0,078; 0,080; 0,282;
0,101; 0,131; D,407; 0,069; 0,DHC; 0,084; 0,288:
0,103; 0,132; 0,424; 0,074; 0,080; 0,068; 0,209;
0,105; 0,146; 0,425; 0,074; 0,084; 0,092; 0,281;
0,107; 0,164; 0,450; 0,077: 0,086; 0,093; 0,209;
0,112 0,167; 0,472; 0,077 0,087; 0,094; 0,300
0,129; 0,172; 0,510; 0,078; 0,088; 0,095; 0,309;
0,032; 0,173; 0,551; 0,080; 0,091; 0,096; 0.312;
0,166; 0,178; 0,568 0,081; 0,092; 0,101; 0,318
0.972; 0,192; 0,082; 0,095; 0,101;
0,173 0,193 0,083, 0,006; 0,107;
. 0,084; 0,102; 0,111;
0,084 0,104 0,118 -
Average
cantrol + 0,495 0,103 0,118 0,357 1398 8,138 0,060 0,075 0,084 0,266 113+20 131214
standard *0,007 +0,033 +0,048 0,077 +562 +3,338 +0,020 +0,018 0,017 +0,044
devintlon
(80}
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improvement in the variation in luminescence decay rate was also observed (value range:
2,144-11,505 as compared 10 2,9-17,4). A comparison between immeadiaie luminescence and
decay rate showed a linear relation (correlation coefficient: 0,93). The control values of the
urease enzyme test showed a relatively large variation, indicating that attention should be
given to standardization. The cloning efficiency {number of cells seeded on controf
plates/number of cells developing into colonies x 100%) for the BGM and V79 cell assays were
56,5+10% and 65,5+7%, respectively. Compared with the results obtained in Section 3.1.2.2,
the variation between control resulis of the acetylcholingsterase enzyme test and the
mammalian cell tests were considerably reduced.

The resuits of the microbial toxicity tests” are presented in Tables 27 and 28, Percentage
inhibition/stimulation, as well as the significance of results, are given. None of the groundwater
samples inhibited protozoan oxygen uptake (Table 27). The algal growth test using AAM
medium showed toxicity with eight groundwater samples, while the test using BG-11 medium
detected toxicity in four samples (inhibition: >10%). Six of the groundwater samples were
toxic to bacteria (inhibition: >10%). Algal and bacierial growth inhibition ranged from low
(algae: 15%; bacteria: 18%) to high (algae: 87%; bacteria: 94%). The oxygen uptake test
detectad toxicity in ane surface water sample {inhibition: >5%) (Table 28), the algal growth test
using AAM medium, in iwo samples, the algal test using BG-11 medium, in three samples, and
the bacterial growth test in one sample. Bacterial growth inhibition was moderate (25%) and
oxygen uptake inhibition relatively high (51%). Adverse effects on algal growth ranged from
moderate (23%) to high (98%). The four groundwater sampies showing toxicity towards algae
when using BG-11 medium, were also toxic o algas grown in AAM medium, while the two'
samples showing toxicity to algae when using AAM medium were also toxic in the BG-11
medium. [t was expected that the two algal tests would give similar results, because of their
similar sensitivities. The differences in sensitivilty could be due to the lower growth
experienced in AAM medium.

Some ofthe groundwater samples stimulated microbial activity (oxygen uptake: 4 samples;
algal growth - AAM medium: 2 samples; algal growth - BG-11 medium: 4 samples; bacterial
growth: 4 samples), indicating the presence of nufrients in the water. Oniy one of the surace
water samples stimulated oxygen uptake, while a large number of the samples stimulated
growth {alga! growth - AAM medium: B samples; algal growth - BG-11 medium: 7 samples;
bacterial growth: 6 samples). Stimulation in oxygen uptake was small (5 - 15%). Stimulation
in algal growth ranged from 10 to 70% and that of bacterial growth from 11 to 113%. Three
of the groundwater samples caused precipitation in the bacterial growth test which interfered
with the interpretation of results (densifies: 0,038 - 0,468). Eifects after subtraction of the
background density are given in parenthesis (Table 27). Four of the surface water samples
caused low precipitation {0,011-0,015) in the algal tests (Table 28). One of the samples also
showed a high precipitation in the bacterial growth test (density: 0,470). The effect after
subtraction of the background density is shown in parenthesis.

It can be seen in Tables 27 and 28 that those bioassays showing toxicity/presence of nutrients
when applying detection limits were not always significant when applying Student's t-test. On
the other hand, some resulis below detection limits, and interpreted as an absence of
toxicity/nutrients, were significant. Table 29 compares the two methods of resuit interpretation.
A large percentage of the results were in agreement (87,5 - 96%). in contrast to this, a small
percentage of the resulis showed an absence of toxicity/stimulation using detection limits,
while Students t-test proved the effect to be significant (algae - AAM medium: 4%; algae - BG-
11 medium; 13,5%; and bacteria: 13,5%). None ofthe tests showed toxicity or stimulation
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TABLE 27: Effect of groundwater on protozoa, algae a_l_'_IEl bacteria (+ in%tes stimulation) L
N Protozoan o D D
oxygen Algal growth tesl Bacterlal growth test
uptake tesl
AAM growth medium BG-11 growth medium Result
Sample % Inhibltion % Inhibitlon significant
% Inbibitlon Result % Inhibitlon Resuit win)
significant (y/n) significant (y/n)
CSIR +2 +12 y +43 ¥ +9 y
I Wonderboom +4 +3 n +36 y +21 y "
lTNinterveld 1 +5 +14 y +7 y a3 y
Winterveld 2 +15 87 ¥ 46 y 53 Y
Mareletta Pari +1 54 y 45 y 94 y
Waterkloof +B 4 n +11 Y a3 (g1) y
 iIscon +7 52 y 48 y 39 y
Sierton 1 1 72 y +7 y +189 (+67) y
Derdepoort +1 72 y 22 y -18 y
Silverton 2 +4 15 y +1 n +84 (+73) y
Fochville +2 41 y +5 n +113 y
Annlin 2 41 . ¥ +17 . _ 6 n

Results after subtraction of background density in parenthesis
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TABLE 28:; Eifect of surface _w;ater on protozoa, algae and bacteria £+ indicates stimuIEtion) .
B Protozo;; - o -
oxygen uptake Algal growih test Bacterial growth test
test
AAM growth medium BG-11 growth medlum
Sample Resull
% Inhibltion Result Result % Inhibition significant
% Inhibitlon significant % inhibitlon signiticant (v/n)
{v/n) {y/n) |
Rietvlei Dam 2 +54 Y +48° y +19 y
Bon Accard Dam +7 +10 y +53 y 25 y
HRoodeplaat Dam ] +15 y +70 y 4 n
Hartbeespoort Dam 3 +11 y +66 ¥y 7 n
Verwoerdburg Lake 1 +11 y +70 ¥ 7 Y
Lakefield Lake 2 +44 y +46 y +24 ¥y
Hennops River 1 KL y 37 y +29 ¥y
Moreletta Stream 2 +17 y +6 ¥ +4 n
Jukskei River 2 +4' y +28' y +49 (80) y
Iliondale Stream 51 08! y 84 y 8 y
Pienaars River +1 1 n 23 y +68 y
h Fontains Stream +4 +26 y 2 n RSl y

Precipitation

Results after subtraction of background density in parenthesis
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TABLE 29:  Comparison between resuits calculated as percentage effect and Student’s t-test

Algat growth test

AAM
growth
med[um

BG-11
growth
medium

Bacterlal
growth
test

Luciferase enzyme
test

Urease enzyme lest

Imme-
diate
jumines-
cence

Lumines-
cence
decay

rate

0,5
mg/m?
enzyme

1,0
mg/m#
enzyme

2,0
mg/m¢é
enzyme

Acetyl-
cholin-
esterase
test

Mammalian cell
cloning efficiency test

BGM
cells

V79 cells

Results of
Student's t-
test and
effect
calculated
in agree-
ment'

96%

B7,5%

87,5%

91%

87%

75%

75%

71%

79%

87,5%

92% l
|

Result
significant
but effect
below
detection
limit?

4%

13,5%

13,5%

0%

0%

4%

8%

8%

17%

12,5%

0%

2

Result not
significant
but effect
above
detection
fimit®

Calculated effect > detection limit = result significant; calculated effect < detection limit = result not significant

0%

0%

9%

13%

17%

7%

21%

4%

0%

B%

Detection limit for [uciferase test (decay rate) and BGM mammalian cell test: 20%; Detection limit for all other tests: 10%
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when the t-test was negative. The t-test was not applied to the resulis of the oxygen uptake
test because in most instances replicate tests were not carried out on test samples.

Three of the groundwater samples inhibited the luciferase enzyme (Table 30). The effects
were detected with both immediate [uminescence and decay rate measurement (immediate
luminescence: > 10%; decay rate: >20%). Urease enzyme activity was inhibited by three
samples at the 0,5 mg/mi concentration (inhibition at all three concentrations: >10%). Two
of these samples also inhibited the enzyme at the 1,0 mg/m¢ level. One of the groundwater
samples inhibited the enzyme at the 1,0 mg/mt conceniration, while no effect was detected
at the 0,5 mg/m¢ concentration. No inhibition was detected at the 2,0 mg/m¢e concentration.
The acetylcholinesterase enzyme was not inhibited by any of the groundwater samples
{inhibition <10%}).

Three of the samples which showed ioxicity with other bioassays (Winterveld 1 and 2, and
Moreletia Park) were oxidized for the detection of latent crganophosphates. However, these
results were aiso negative (results given in parenthesis), ruiing out the presence of this group
of pesticides, Four surface water samples showed toxicity with the luciferase enzyme test
when using immediate luminescence (Table 31). Only three of these inhibited the enzyme
when measuring decay rate. The urease enzyme was inhibited by three surface water
samples when using an enzyme concentration of 0,5 mg/me. Only two of the samples
inhibited the enzyme at the 1,0 mg/me¢ concentration and none at the 2,0 mg/me
concentration. None of the surface water samples inhibited the acetylcholinesterase enzyme
when tested directly. However, after oxidation the lliondale Stream sample was toxic (67%'
inhibition), indicating the presence of a latent organophosphate/s. The effects of ground- and
surface waters on the luciferase enzyme test ranged from moderate {immediate luminescence:
24%; decay rate: 23%) to high (immediate luminescence: 99%; decay rate: 95%). The results
in tables 30 and 32 show that the urease enzyme test was the most sensitive when using 0,5
mg/m¢ enzyme. Inhibition was relatively small and ranged from 11 to 34%, and from 13 1o
20%, with 0,5 and 1,0 mg/m¢ enzyme, respectively. The positive resulis obtained with the
urease enzyme test is an indication of heavy metal pollution. In general, a good agreement
was found between the quantitative (density) and qualitative {colour observation) determination
of urease enzyme activity. However, in a few instances densify measurement showed slight
inhibition, while this could not be detected by the eye. In instances where precipitation
occurred, colour observation was a very useful atiribute to the test.

Enzyme activity was stimulated by a number of the samples (Tables 30 and 31). Fourteen of
the samples stimulated luciferase enzyme activity. The effects were particularly large with the
groundwater samples. A larger number of surface water samples (0,5 mg/me: 7; 1,0 mg/m¢
6; 20 mg/me: 10} than groundwater samples (0,5 mg/m¢t: 4; 1,0 mg/me: 1; 2,0 mg/mi; 8)
stimulated urease enzyme activity,. The acetylcholinesterase was stimulated by oniy two
groundwater samples and three surface water samples. The increase in enzyme activily is
possibly due to changes in enzyme conformation (structure), resulting in more binding sites.
it is not clear which chemicals in the water caused these effects, and the role of toxic
chemicals cannot be ruled out, In the case of the urease test, the higher density values could
also have been due to interaction between the enzymefreagents and salis in the water
resulting in some degree of precipitation. As particulate material can resutt in increased
density readings falsely indicating stimulation, it is important to prefitter water samples. When
the effect of deionized water and tap water/buffer/synthetic fresh water on the luciferase
enzyme test was compared during previous studies, it was found that luminescence was
considerably lower in water other than deionized water. This efiect was contributed to the
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TABLE 30: Effect of groundwater on enzyme tests (+ indicates stimulation)
Lucllarase enzyme test Urease anzyme iesl Acetyicholinesterase
. enzyme tesi
Immediate Luminescence decay 0,5 mg/mi enzyms 1,0 mg/mt enzyme 2,0 mg/mi enzyme
Sampla luminescence rate % Resuft
Inhibltlon | significant
% Result % Result % Result % Result % Result ty/m
1 inhibitlon | significant | Inhibllien significant | Inhibitlon | significant | Inhibitlon | significant | Inhibition | significant
{y/n} {y/n) {y/n) {vin) {y/n)

CSIR +283 b +417 y +15 n 9 n +22 n 0 n
Wonderboom +179 y +264 ¥ +21 ¥ +6 n +14 n 1 n
Winterveld 1 +337 ¥ +257 ¥y 1" n +6 n +17 y 5 n
Wintervald 2 6 n 0 n 26 ¥ 18 y +6 ¥ +12 n
Moreletta +219 ¥y +212 y +22 ¥ +4. ¥ +8 n +5 n
Park

Waterkloof +517 ¥ +514 ¥ +107 ¥ +44 ¥ +22 y +1 n
ISCOR +88 y 2 n 5 n 2 n 45 ¥ 2 n
Sliverton 1 o4 ¥ 92 ¥ 6 n 6 ¥ +14 y 2 n
Dardepoort 81 n 78 ¥ 4 n +3 n +10 ¥ ;] Yy
Sliverton 2 24 n 23 n 4 n 4 n +8 ¥ +2 n
Fochville 5 n 28 n 9 n 10 n +13 n +24 Y
Annlin +26 n +60 y 21 ¥ 20 ¥ +10 y +7 ¥
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TABLE 31:  Effect of surface water on enzyme tests (+ indicates stimulation}
Luclferase enzyme test [{-} - No rasulis) Urease anzyme fesl Acelylcholinesterase
enzyme test
I Immedlate iuminescence Luminescence decay 0,5 mg/mi enzyme 1,0 mg/mt enzyme 2,0 mg/mi enzyme
Sample rate % Resull
- Inhibiion | signiflcant
% Hesult % Result % Rasult % RAesull % Result y/in}
juhibition | significant | Inhibltlon | signlficant | Inhibltion | significant | Inhibitlon | slgnificant | Inhibition | slgnificant
{y/n) {v/n} (yin) {y/n) {y/m)

| Rietviei Dam +25 y +50 y +33 y +25 n +32 y +4 n
Bon Accord +7a ¥ +104 y +13 ¥ +12 n +16 n +2 n
Dam
Aoodeplaat +201 y +315 ¥ +1 n +1 n +16 n +7 y
Dam
Harlbees- +161 ¥ +235 y +10 y +13 n +29 ¥ +5 n
paort Dam
Verwoerd- +21 y +89 ¥ 19 y 13 n +9 n 8 n
burg Leke
Lekelield +93 ¥ +141 y +14 ¥ +14 ¥y +14 Y 1 n |
Lake
Hennops - - - - +23 Vi +20 ¥ +31 ¥ +7 ¥
Alver
Morelatia +77 y +120 ¥ +11 n +8 n +15 ¥ +8 n
Skream )
Juksksi River 52 Y 23 n +33 ¥ +25 ¥ +37 ¥ +13 ¥
liliendale 45 y 40 ¥ 34 y +3 n +28 ¥ +34 (67) ¥

h Stream
Pleneers a4 ¥ 3 n 30 n 17 y +7 n +15 y
River
Fauplalns 99 ¥ g5 y 9 b 1 n +16 ¥ 6 n
Straam l

Resull aller oxidation In parenthesis
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interaction of the normal salts in water with the enzyme. After extensive experimentation tap
water was selected as control for this test (enzyme also prepared with tap water). Afthough
the luciferase enzyme test is meant to indicate the presence of toxicants when the activity is
lower in test samples than in the tap water, it could well be that the fower activity found in this
study was due to high salt congentrations rather than to toxicants. Likewise, the increased
luminescence could have been due to low salt concentrations (in comparison to the control).

The results of the enzyme tests were also evaluated using Student's t-est. Tables 30 and 31
indicate in which instances effects were positive (toxicity/stimulation), and when results of
Student's i-test were in agreement with these findings. Between 71 and 91% of the resulis
calculated by means of detection limits were in agreement with the results of the t-test (Table
29). None of the results of the luciferase test, 4 to 8% of the results of the urease test, and
17% of the results of the acetylcholinesterase test were significant when no toxicity/stimulation
was detected using detection imits. A relatively large number of the results of the urease test
showed toxicity/stimulation while the t-test was negative (& mg/mi: 17%; 1,0 mg/me 17%; and
2,0 mg/me: 21%). These differences could be due to the iarge variation between repetitive
tests in certain cases. On the other hand, a small percentage of the results of the luciferase
and the acetylcholinesterase test results showed toxicity/stimulation, while the t-test indicated
that effects were not significant (luciferase - immediate luminescence: 9%,; luciferase - decay
rate; 13%; and acetylcholinesterase: 4%).

The effects of ground- and surface water samples on mammalian cells are shown in Tables
32 and 33. Thres groundwater and six surface water samples were toxic to BGM cells
{(inhibition: =20%). The effects ranged between 21 and 71%. V79 cell cloning efficiency was
inhibited by four groundwater samples and one surface water sample {inhibition: =10%)}. The
gffects of three of the groundwater samples were smaill (11-14 %), Conirary to this, a high
inhibition was detected with the other groundwater sample and the surface water sampie (76
and 96%, respectively). Three of the sampies showing toxicity towards V72 cells, were also
toxic to BGM cells. A few of the samples (5) stimulated the cloning efficiency of V78 celis,
indicating that the water contained growth promoters. Tables 32 and 33 indicate which
samples {ested posiiive for toxicity/growth promoters, and in which instances these results
were also significant. The results of Table 29 show that more than 85% of the resuits of the
mammalian cell tests, which were paositive when using detection limits, were also significant
and less than 10% of the samples which were positive were not significant. In the case of
BGM cells, 12,5% of the resuits were significant but showed effects <20%.

3.223 Ames Salmonelfa mutagenicity test

Control plates contained between 13 and 47 colonies in the case of tester strain TA98 and
between 117 and 310 colonies in the case of tester strain TA100 (Table 34). A colony number
of 13 is considered too low.and indicates undesirable. growth for the tester strain. Ideally the
number of colonies for TA98 should be between 25 and 50, and that for TA100 between 100
and 200. The resuits in Table 34 indicate that in some instances too many colonies were
obtained with TA100.

Water samples were tested directly and/or after concentration. initially, concentration was
carried out by means of flash evaporation and XAD resin extraction to compare resufts. Flash
evaporation was later discontinued, because XAD extraction was considered a more reliable
concentration technique. The unconcentrated and flash evaporated samples were tested in
a modified plate incorporation assay, using two methods of media preparation e.g. autoclaving
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TABLE 32:

Effect of groundwater on mammalian cells and toad embryos {+ indicates stimulation)

BGM cell cloning efilclency V79 cell cloning efficiency Toad embryo teratogeniclty test “
test test
Sample
% Result % Result % Eggs % % Lethality® Description of deformities
Inhibition | significant {y/n) | (nhibltion | slgnificant {y/n} { hatched' | Deformation
CSIR ] n +30 y 85 1 0 no plgment, curved sping,
underdeveloped, in sack
Wonderboom 9 y +8 n 73 6 0 no pigment, curved spins, eyes
II close together, in sack
Wintarveld 1 3 n +7 n 85 9 18 curved spine, underdeveloped,
wormilke
Winterveld 2 +1 n +4 n 106 20 0 curved spins, underdeveloped,
warmilka
Morslelta Park 17 y 1 n 93 17 9 rio plgment, curved spine,
underdeveloped
Waterkloof 50 ¥ 76 y 93 19 0 curved spine, wormilike
ISCOR 34 ¥ 14 ¥ 86 8 3 curved spine, enlarged stomach
Silverton 1 7 +4 n a1 & 8 curved spine, underdevalopad,
wormilke
Derdepoort 10 n i n 88 13 0 ne plgment, curved spine,
underdeveloped
Silverton 2 0 n 3 n a0 1" 0 cirvad spine, underdeveloped
Fochville +6 n 13 ¥ 103 7 0 - eurved spine, wormilke
Annlin +3 n 3 n 102 12 0 curved spine, wormllke

Dead and surviving embryos

Calculated in terms of dead and surviving embryos in test/control

3 Calculated in relation to the surviving embryos in control test
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TABLE 33: Effect of surface water on mammalian cells and toad embryos (+ indicates stimulation)
BGM cell cloning efficlency V79 cell cloning efficiency Toad embryo teratogenicity test
test test
Sampie
% Resuit % Result % Eggs Tt % Description of deformities
inhibition | elgnificant {y/n} | Inhibitlon | significant {y/n) | hatched' | Deformation | Lethality®
Rietviel Dam a7 y +29 y 71 24 21 no pigment, curved spine, under-
developed, eyes misplaced, wormlike
I

Bon Accord bl | y +8 n B3 21 0 no pigmant, curved spine,
Dam underdeveloped
Roodeplaat 21 ¥ 2 n a9 18 0 curved spine, underdeveloped,
Dam wormilke
Hartbees- 22 ¥ +30 y 85 8 o no pigment, curved sping,
poott Dam undardevelopad, enlarged stomach
Verwoerd- 2 n +18 n 99 11 o no plgment, curved spine
burg Lake
Lakefield Lake 4 n +21 y 52 11 3 no pigment, in sack
Hennops 17 Y +8 n 47 100 100 curved spine, warmilke
River
Moreletla 12 n +3 n 74 11 7 no pigment, curved sping,
Stream underdevelaped
Jukskel River 71 ¥ 96 ¥ 84 13 15 no pigment, underdeveloped
lllondale 26 ¥ +5 n 94 9 v} underdevelioped
Stream
Pienaars River +1 n 3 n 102 10 0 curved spine, underdeveloped
Fountalns 16 n 6 n 99 11 a curved spine, underdsveloped,
Siream wormilke

Dead and surviving embryos 2 Galculated In terms of dead and surviving embiyos In test/cantrol

3 Calculated in relation to the surviving embryos in control test
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TABLE 34: Control results of the mutagenicity and teratogenicity tests
| Ames Salmoneila mutagenicity test (number of colonies) Toad embryo teratogenicity test l'
Number of Number of
TA98-S9 TA98+S9 TA100-S9 TA100+59 | eggs hatched embryos % Defarmation
survived
Range of 17; 22; 25; 13; 22; 23, 117; 118; 166; | 124; 139; 148, | 70, 78, 81, 88, | 67,77, 77, 88; | 6, 6;9; 9, 10,
controls 25; 25; 27, a6; 39; 39; 177, 244, 245; | 159; 235; 240; | 93, 95; 101; 93, 95; 100; 17, 22, 22
35; 47 40; 47 250; 310 272, 276 102 102
Average
control x 2819 R2+12 20469 189:+63 89x11 87+13 12,6+6,7
standard

deviation (SD)

h
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and filtration. The fatter method was used to limit the sffect of heat, which could change the
chemical compusition of samples. The XAD extracts were incorporaied into the top-agar.
Tables 35 and 36 presents the results of the mutagenicity test. No mutagenic activity was
observed with either tester strains, with and without metabolic activation, excspt for the
following samples: CSIR groundwater; Wonderboom groundwater; Rietviei Dam water;
Henneps River water; and Moreleita Stream water. In some instances concentration by flash
evaporation resulted in increased MR values, but these values were still <2,0 indicating that
mutagenic activity was not significant (except for the 3 samples mentioned). None of the XAD
preparations showed mutagenicity.

Both the groundwater sampies which were mutagenic were concentrated by flash evaporation.
The fillered preparation was mutagenic in case of the CSIR sample and the autoclaved
preparation in case of the Wonderboom sample. The CSIR sample showed marginal
mutagenicity on 2x concentration with metabolic activation, using tester strain TA100 (mutation
ratio: 2,0), and on 4x concentration with metabolic activation, using tester strain TASB
(mutation ratio: 2,1). The Wanderboom sample was marginally mutagenic (MR: 2,1) atthe 2x
concentration using TA100 with metabolic activation. The surface waters showed mutagenicity
upon direct testing. In this instance, the autaclaved preparation was mutagenic in the case
of the Rietvlei Dam sample and the fillered preparations in the case of the Hennops River and
Moreletta Stream samples. The Rietvlel Dam and Moreietta Siream samples showed mutation
ratios of 2,4 and 2,3, respectively, using TA100 with metabolic activation. The Hennops River
sample displayed a mutation ratio of 2,6, with TA9B and metabolic activation. Mutation ratios
of between 2,0 and 2,6 were occasionally recorded in raw waters in other studies as well as
in Section 3.1.2.3 (Table 18).

It is possible that the mutation ratios 2,0 observed with some of the samples were due to the
presence of histidine. Analyses were, however, not carried out to confirm this notion. The
presence of histidine is eliminated when XAD extraction is used.

3224 Toad embryo teratogenicity test

Table 34 shows that between 70 and 102 of the approximately 100 eggs used per control fest
hatched. This was a major improvement compared to the study of the previous year where
only 19 to 38% of the eggs hatched. The number of eggs hatched was calculated by
counting dead and surviving embryos. In most instances (75% samples) more than 80 eggs
hatched and all the embryos survived {lethality: <5%). Based on these results and the
interpretation of effects in fish and water flea tests, 10% lethality was selected as an indication
of toxic activity. Deformation in control tests ranged from 6 to 22%. The majority of results
(75%) were below 20% deformation. A 20% effect was, therefore, selected as the detection
limit for the bioassay.

The effects of the water samples on toad embryos are shown in Tables 32 and 33. In most
instances (>>80% of samples) more than 80% of the eggs in test samples hatched (dead and
surviving embryos). Four of the samples {one borehole and four surface water) exhibited
lethality {lethality >10%). Most of the effects were small (15 to 21% lethality). However,
Hennops River water caused 100% lethality. Only four samples showed a deformation >20%
(Winterveld 2: 20%,; Rietviei Dam: 24%; Bon Accord Dam: 21% and Hennops River: 100%).
The type of deformities which occurred are described in Tables 32 and 33. Similar deformities
were noticed in control tests, e.g. no pigment, curved spine, eyes close together,
underdeveloped, wormlike, and organism in sack.
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TABLE 35: Effect of groundwater on Sa/monelia tester strains

p—

—

Tester stralns

Samgple Sample Con-
preparation | cen- | TA98-S9 | TA98+S9 | TA100-S9 | TA100+59
tration Mutation ratio
XAD extraction' | 2 000x 0.8 1,0 1.0 0,9
IJ 1% 1,0 0,9 1,0 1.2
Fiash - -
gvaporation s s 1,0 1,1 13 1.3
and :
CSIR autoclavation 4x 1.1 1.4 14 -
1X 2 1.4 1,6 1,8
Flash
evaporation 2 0,8 1.2 13 290
and fitratian ax 2 Z:l 1‘7 1. a4
XAD extraction | 2 000k 1,0 0.7 1,0 0,9
1x 1,0 1,4 1,4 1,2
Flash
I evaporation 2 13 1,2 1,8 241
Waonderboom and
autociavation 4x 1,6 1.3 1,6 1,7
1X 2 1,2 1,3 1,5
Flash
evaporation i 09 0,7 1.4 1,7
and filtration 4x 1|3 1'3 019 1,5 |
Winterveld 1 XAD extraction | 2 000x 1,3 1,2 1,2 1.4
Wimterveld 2 XAD extraction | 2 000x 1,4 1,4 1.2 1.4
Moreletta XAD extraction |} 2 0QDx 1,3 1,3 1,4 14
Park
Waterkloof XAD extraction | 2 000x 1.4 1,5 1,5 1,5
ISCOR XAD extraction | 2 000x 1,8 1,7 1,8 1,6
Silverton 1 XAD extraction | 2 000x 13- 1,3 1,4 1.4
Derdepoort “XAD extraction | 2 000x 1.4 1,5 1,4 14
Silverton 2 XAD extraction | 2 000x 14 1,3 1,2 1,4
Fochville XAD extraction | 2 000x 1,4 1.4 1.5 1.4
Annlin XAD extraction | 2 000x 1,4 1.2 1,2 1,3
1 100x concentrated after addition to top-agar
2 No growth
Positive results in boid
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TABLE 36: Effect of surface water on Sa/monella tester strains _
Tester strains ]I
Sample Sampie Con-
| preparation | cent- | TA98-59 | TAS8+S9 | TA100-S9 | TA100+59
ration Mutation ratio
XAD ex;traction 2 000x 1,0 0,9 0,9 1,0
RietvieiDam | A pociavation 1x 1,0 13 1,3 24
Filtration 1x 0.7 1,0 1.4 1,7
XAD extraction | 2 000x 1,0 1,0 13 08
Bon Accord Autoclavation 1x 1,3 1,1 1,3 1,2
Dam
Filtration 1% 13 14 1,6 1,5
XAD extraction | 2 000x 1,0 1.9 1,1 11
Roodeplaat Autoclavation 1x 0,9 11 1.8 1.7
Dam Filtration 1x 1.2 1,1 1,5 1,6
XAD extraction | 2 000x 1,2 1,2 1,8 3.1
Hartbees- Autoclavation 1X 1.1 1,1 1.2 1,2
poort Dam Filtration 1x 1,8 14 18 1,8
i Verwoerburg | XAD extraction | 2 000x 1.5 1.8 08 0,6
Dam
Lakefietd XAD extraction | 2 000x 0,8 1.2 09 0.8
Lake
XAD extraction | 2 000x 0,8 0,9 11 1,0
Hennops Autoclavation 1x 11 1,6 1.2 1,5
River Fitration 1% 0,9 26 1,6 1,8
XAD exiraction | 2 000x 1,0 1,2 1.0 1,3
Morelstta Autoclavation 2 000x 1,2 0,9 1,0 1,7
Stream Filtration 2 DOOX 1,7 1,4 1,7 23
Jukskei River | XAD extraction | 2 000x 1,1 1,7 0,8 05
lliondale XAD extraction | 2 000x 11 1,9 0,7 a5
Stream
Pienaars XAD extraction | 2 000x 1,6 1,4 1,4 1,4
River
Foumains XAD extraction | 2 000x 1.4 1.3 1,4 1.4
Stream
! 100x concentrated after addition to tap-agar

Positive results in bold
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3.225 Summary of toxicity test data

The toxicity data obtained with the different bioassays are summarized in Tables 37 and 38.
The oxygen uptake test and acetylcholinesterase enzyme test did not detect toxicity in any of
the groundwater samples. The water flea test proved to be highly sensitive to groundwater,
detecting toxicity in 75% of the samples. A large number of samples also showed toxicity with
the algal AAM medium test {67%), the bacteriat growth inhibition test (50%) and the fish test
{42%). No toxicity was detecled in the CSIR and Wonderboom samples. However, both
samples showed marginal mutagenicity. The Winterveld 2 sample exhibited a low level of
teratogenicity. Two of the samples showed toxicity with three tests; three with four tests: three
with five tests; one with six tests (Winterveld 2); and one with seven tests (ISCOR)
(considering the luciferase and urease test as single tests). For six of the samples, three or
four of the standard aquatic tests, namely fish, water flea, algae and bacteria showed toxicity,
indicating some pattern in the responses. For some tests, effects were slight, e.g. the fish,
urease enzyme test and toad embryo test. High toxicity was generally observed with the
water flea test, the algal AAM medium test, the bacterial growth inhibition test, and the
luciferase test.

All the bioassays detected toxicity in one or more of the surface water samples (Table 38),
Six of the samples were toxic to the BGM cell test, tour to the luciferase test, and three each -
to the algal BG-11 medium test, the urease test, and the toad embryo test. The Rietviei Dam,
Bon Accord Dam and the Hennops River showed teratogenicity. Three of the samples .
exhibited slight mutagenicity (Rietviei Dam, Hennops River and the Moreletta Stream). No
oxicity was detected in the Lakefield Lake and Morelelta Siream water. Four samples
showed toxicity with one bicassay, two with two bioassays, one with three bioassays, two
with four bioassays, and one with nine bioassays {lliondale Stream). The toxicity caused by
the Hennops River, Jukskei River and llliondale Stream waters was generally high. With the
exception of the lliondale Stream sample no specific pattern could be established in the
responses of the bioassays.

3.2.2.6 Chemical data

Although extensive chemical analyses were carried out (Tables 39 and 40), the data will not
be discussed in detall, but will merely be used 1o try and explain toxic effects detected with
the bioassays. As detailed organic analyses were not carried out it will not be possible to
attribute toxicity to particular organic chemicals. The liliondale sample was the only one which
was analyzed for a specific group of organic compounds. An analysis was required because
the acetyicholinesterase enzyme indicated the presence of organophosphates. Upon
sampling a pesticide-like smell was also svident, Chemical analysis indicated the absence of
organochiorine and arganophosphate pesticides, but identified ethylenechlorophosphate
{commercial name: Fyrol}, a fire retardant, 1t is likely that this chemical contributed to the
toxicity detected with at least gight of the tests, Table 39 shows that it is uniikely thai pH could
have been responsible for adverse effects in groundwater. The Derdepoort sample had a low
oxygen content which could have contributed to the effect on water flea. In general, poiential
toxic chemicals in the CSIR, Wonderboom, Silverton 2 and Fochville sampies were below
chemical detection limits. The other samples contained one or more of the following
chemicals at relatively low to high levels: aluminium, iron, manganese, zinc and phenol. Itis
expected that in most instances toxicity was due to a combination of the chemicals. However,
the zinc level in the Winterveld 2 sample was high and was probably the cause for toxicity in
six of the bioassays, including the urease test. Iron and manganese were present at high

Agpplication and Evaluation of Binassays 65



gg sAesseoiq Jo LOYENEA] pue uonedlddy

TABLE 37: Groundwater samples exhibiting toxicity, mutagenicity and teratogenicity with bioassays

AG tasi LE test UE test MC test TE test Ames Test “
Sample F W ou BG AE |
tast | test test AAM | BG- | test | Lum Dec 0,5 1,0 2,0 1est | BGM V7o Leth Def 98- 88+ | 10D- | 100+ 1
11 Ha g ug calls | cells
1 2,1 20
2 21
a 100 93 - H BRI
4 2 | 100 “ari|. 48 | 5B 26 | s 20
5 54 | 45 | a4 it
8 z0 | 40 83 g |
7 20 | 100 s2 | a8 | = 3 |14
8 25 72 94 | o2
o 75 72 | 22 | 18| 8 | 78
10 15 15 c24 | o=
11 20 | 80 4l 10 RER
12 2 | w0 e 20 | 20
1 CSIR (30-06-1993) 2 Wonderboom (01-07-1993)
3 Winterveld 1 (09-11-1983) 4 Winterveld 2 (09-11-1993)
5 Moreletta Park (09-11-1993) 6 Waterkloof (10-11-1993)
7 ISCOR (18-11-1993) 8 Siverton 1 {(18-11-1983)
9 Derdepoort (18-11-1993) 10 Silverton 2 (18-11-1993)
11 Fochville (22-11-1993) 12 Annlin (24-11-1993)
F Fish w Water flea
OU  Oxygen uptake AG Algal growth
BG Bacterial growth LE Luciferase ergyme
UE Urease enzyme AE Acetylcholinesterase enzyme
MC  Mammalian cell TE Toad embryo
Lum  Luminescence Dec  Decay rate
Leth  Lethality Def  Deformation
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TABLE 38:

Surface water samples exhibiting toxicity, mutagenicity and teratogenicity with bioassays

— e
I AG test LE test UE test MC test TE fest Ames test
Sample F w ou BG AE
test | test fest AAM BG- feat Lum Dec 05 1,0 2,0 1esl BGM V7o Leih Det 98- g8+ | 100~ 100+
11 Ha g pa cells | cells
! 37 21 24 24
2 25 3 21 I
3 21
4 22
5 19 13
| 6
7 100 a4 | ar 100 | 100 -
B za |
) 82 |- 23 .l e | 15 “
10 20 | 100 | &1 o | 84 a | 2 | a4 g | o8
1 23 38 o | w7
2 — _ﬁ--—'_gg:' B = é_ -
1 Rietvlei Dam (30-06-1993) 2 Bon Accord Pam (03-08-1993)
3 Roodeplaat Dam {03-08-1983) 3 Hartbeespoort Dam (03-08-1993)
5 Verwoerdburg Lake (29-09-1993) 6 Lakefield Lake (29-09-1993)
7 Hennops River (30-06-1993) 8 Moreletta Stream (03-08-1993)
g Jukskei River (29-09-1993) 10 lliondale Stream (29-09-1993)
11 Pienaars River {23-11-1993) 12 Fountains Stream (24-11-1993)
F Fish w Water flea
Cu Oxygen uptake AG Algal growth
BG Bacterial growth LE Luciferase enzyme
UE Urease enzyme AE Acelylcholinesterase enzyme
MC Mammalian cell TE Toad embryo
Lum  Luminescence Dec  Decay rate
Leth Lethality Def  Deformation a After oxidation
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TABLE 39: Chemical quality of groundwater

Sample
Determinand i
1 2 3 4 5 L] 7 B g 10 " 12
pH 7.3 7.7 62 6,2 6,6 6,2 63 72 7.4 7.5 7.3 7.5
Dissatved oxypen* - - 8,9 11,2 83 42 59 43 31 5,1 81 69
Temperature {(*C) . . 24 20 24 21 22 23 24 22 - 21
Etactrical cand. - - - - - - 156 a0 152 63 - -
{mSim)
Hardneas (CaCOy)* - - 22 123 87 162 22 366 208 290 415 185
Alkalinty {CaGO)* - - 41 3.0 69 76 <20 295 an 121 146 104
Calcium {Ca)* - - 8,0 3z 2 56 43 i a7 &7 70 a7
Magnesium (Mg)* - - 2,0 1 8,0 B,0 54 47 28 a0 58 9,0
Ammania (N)* - - <02 =02 «D,2 8B 08 <2 0,4 <0,2 =02 0.2 I
Nitrate-nitrite (N)* - - 3 A4 <0,2 «0,2 3.0 13 «0,2 62 54 0.2
Sulphale (SOy* - - 2.0 a0 18 " 111 42 22 24 25 118
Total phosphete - - <02 «0,2 <02 11 <02 | <02 | «02 | <02 =02 =0,2
M-
Ortho-phosphate . - <02 <02 <02 10 <02 <0,2 <02 «Q,2 <02 <02
[
Chleride {CH™ - - <50 64 5,0 <50 281 24 197 32 40 107
coD* <t 12 10 17 17 67 <10 <10 <10 <10 <10 <10
pac* 4.1 6.4 16 1.7 4,6 L] 50 T 18 17 8,4 17
Aluminsum (A~ <100 <100 <00 <10¢ <100 <108 an 161 104 <100 <100 m
-4
Arsenic (As)yv* <50 <50 a0 =50 <50 5.0 <5,0 <50 «5,0 <50 =50 <50
Cadmium (Cdj** <35,0 <50 <50 <50 <50 =50 <50 <50 <50 <50 <50 <50
Copper {Cu)**” <25 <25 <25 <25 <25 <25 <25 <25 <25 <25 <25 <25
Irany {Fe)*~ <30 <J0 30 <30 350 5200 80 <30 a0 =30 <30 440
Moreury (Hg)™ <10 <10 | <10 2.0 <1,0 4,0 2,0 10 20 <1.0 10 1.0
Manganase (Mn)=* <25 <25 <25 <25 520 1180 540 <25 5D <25 <25 w25
Lead {Pb)** <50 <50 <50 <50 <5 <50 <50 <50 <50 <50 «<5¢ <50 )
Selanium (Sa)** =50 =50 =50 =50 «5,0 <50 <50 =50 <50 <50 <50 <50
Zinc (Zny** 40 <25 190 2380 a0 <25 220 30 620 «<2b 50 €25
Cyanida (CNy™* <50 <50 <50 <50 <50 <50 <50 <50 <50 <30 <50 <50
Phenol** <10 <10 <19 <19 <10 298 <10 <10 <10 =10 <10 <10
1 CSIR (30-06-1983) 2 Wonderboom (01-07-1993)
3 Winterveld 1 (09-11-1993) 4 winterveld 2 (09-11-1993)
5 Moreletta Park (02-11-1983) 6 Waterkloof (10-11-1993)
7 ISCOR (18-11-1993) ;] Silverton 1 (18-11-1993)
9 Derdepoort (18-11-1853) 10 Silverton 2 (18-11-1883)
11 Fochville (22-11-1993) 12 Anniin  (24-11-1983)
* mg/t *x Hgft
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TABLE 40: Chemical quality of surface water
Sampie "
Determinand "
1 2 3 4 5 G 7 a 9 10 11 12

pH 7.7 B.4 82 6.4 7.8 83 7.5 8,0 79 7T B2 88
Dissolved oxygan® - 125 12,2 1.2 8.8 108 - 11,3 68 72 50 7.9
Tempatature (*C) - a,7 8.0 8.0 20 24 - 90 19 19 -] 20
Electrical cand. - - - 79 kel - W0 | 5 215 a8
{mSim)
Hardness - - - - 159 og - 280 122 2267 1
{CaCoy)*
Calcium {Ca)* - 34 2 - - 73 22 L] 30
Magnesum (Mg)* - 18 8,0 - - 26 16 S22 <10
Ammonia (N}* 5.2 0.2 12 0,5 <0z | <02
Nitrate-nitrite {N)* - - - - 25 <02 - - <02 1,0 25 0.4
Total phosphate - - - - 28 0,3 - - 1.2 1,6 <0,2 0,4
"
Onho-phosphate - - 28 0.8 1.1 0.4 <02 04
"=
con* 92 62 49 54 3 123 &0 78 100 115 <10 <10
poce 18 13 10 13 15 11 i | 13 24 28 74 27
Aluminium (Al <100 <100 <100 <100 117 <100 <100 <100 <100 <100 <100 385
Arsenic {As)** <30 «3,0 <50 <50 <5,0 <50 <3.0 «5.0 <80 <50 <50 «5,0
Cadmium {Cd)** 5,0 <50 <50 <3.0 <50 <50 <50 =50 <50 22 <50 <50
Copper {Cuy** <25 an <25 ao <25 <25 <23 <25 <25 30 <23 =25
rony {Fe]** 1] 960 70 120 70 B 80 500 &80 540 <10 1230
Mercury (Hg)** <10 | <10 | <10 | <10 | <10 <0 | <10 | <10 | <10 2,0 1.0 20
Manganesa {Mn)=* «25 M0 <25 a0 <25 <25 «25 190 1630 180 <25 50
Lead (Pb)** <50 <30 <50 <50 <50 <50 <50 <&0 <50 <50 <50 <50
Selanium (Sej*™ <50 «50 <50 <54 «5,0 <50 <50 «50 <50 <54 <50 <50

“ Zine {Znp** <25 80 40 50 <25 <25 <23 50 <25 2840 280 J0

" Cyanide {CN)" <50 | =50 <50 <50 | <50 67 <50 «50 89 728 <50 <50

" Phenol** <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 | <10

1 Rietvlei Dam (30-06-1933) 2 Bon Accord Dam {03-08-1983)

3 Roodeplaat Dam {03-08-1993) 3 Hartbeespoort Dam (03-08-1993)

5 Verwoerdburg Lake (29-09-1993) 6 Lakefield Lake (29-09-1993)

7 Hennops River {30-06-1993) 8 Moreletta Stream {03-08-1393)

9 Jukskei River (29-09-1993) 10 lliondaie Stream (29-09-1993}

11 Fienaars River (23-11-1993} 12 Fountains Stream (24-11-1993)

* *%

mo/ft

ol
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levels in the Waterkloof sample, and this combination probably caused the toxicity in five of
the bioassays. This sample also showed a relatively high organic content. No clear
explanation could be found for the toxicity of the other samples, particularly the ISCOR sample
which affected seven bicassays.

The Lakefield Lake had a relatively high pH (8,3}, but no adverse effects on test systems were
detected (Table 40). The lliondale sample contained a high leve! of zinc, and relatively high
levels of cadmium, iron, manganese and cyanide which explains the toxicity detected with nine
of the bioassays. The other samples contained one or more of the following chemicals at low
1o high levels: aluminium, iron, manganese, and zinc, In several instances the organic content
was also high. A combination of these chemicals could have been responsible for the toxicity
detected.

3.2.3 Conclusions and recommendations

With the exception of the oxygen uptake and luciferase enzyme tests, all the acute toxicity
tests detected toxicity in groundwater samples. The water flea test proved to be highly
sensitive to groundwater, showing adverse activity in 75% of the samples. A large number of
samples were also toxic to algae, bacteria and fish. For some of the tests the effects were
slight, but a high toxicity was generally observed with the water flea, algal (AAM medium),
bacterial and luciferase enzyme tests. Two of the groundwater samples were slightly
mutagenic while one of the samples caused teratogenicity. in a few instances three to four
otthe standard aguatic toxicity tests showed toxicity, indicating some pattern in the responses.’

All the bioassays detected toxicity in one or more of the surface water samples. The llliondale
Stream water exhibited toxic responses with nine of the bioassays. The BGM cell test showed
the highest sensitivity, detecting toxicity in six of the samples. Effects exhibited by the
sampies ranged from slightto high. The mutagenicity and teratogenicity tests showed positive
resulis on three occasions.

- Many of the tests showed enhanced activity when exposed to the water samples. This is
usually attributed to nutrients in the water, In the case of the urease test, the high density
readings could have been due to precipitation rather than increased activity,. Some of the
samples caused precipitation in the algal and bacterial growth inhibition tests, which couid
have interfered with the interpretation of resulits.

Chemical analyses showed that, in general, potential toxic chemicals in groundwater and
surface water samples were low, and that efiecis were probably due to a combination of
chemicals, Some of the groundwater samples contained low oxygen levels which could have
contribuied to adverse effects. The Winterveld 2 sample contained a high zinc level which
could have caused the toxicity detected by several bioassays. The llliondale sample contained
high levels of zinc, cadmium, iron, manganese and cyanide, as well as an organic compound,
ethylenechlorophosphate (fire retardant), which individually or in combination could have
caused the toxicity in test systems.

A good reproducibility was found with most of the tests (CV. <10%). The reproducibility of
the protozoan test was drastically improved {CV:. <5%) because the modified test system was
replaced by standard equipment. The algal test also showed a large improvement (CV:
<10%)}, probably due to modifications in the test conditions, The reproducibility was found
to be in agreement with the precision of tests used in other countries, or even exceeded it.
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The good agreement between results calculated as percentage effects and by means of
Student'’s t-test, indicates that the use of detection limits could be adequate to decide whether
or not effects are significant. In a number of instances detection limits might provide false
positive results. However, the possibility that significant effects might not be picked up by
using detection limits are limited.

Most of the changes that were recommended after the evaluation of drinking water (Section
3.1.3) to improve reproducibility and sensitivity, and to optimize tests, were carried out. Due
to unreliable resulis, the modified equipment used in the protozoan oxygen uptake test was
replaced by the standard system. The inocula of the algal and bacterial fests were
standardized and a standard number of eggs were used in the toad embryo teratogenicity
test. Quantitative measurement of urease enzyme activity using a microplate reader was also
introduced. However, visual observation remains an important attribute, particularly in cases
of precipitation. Attempts were made to standardize the concentration of the luciferase
enzyme test to have a maximum light level of 1 000 mV. This was not easy to achieve,
because of differences in the light levels of different batches of the enzyme. The light level in
this study ranged betwaen 333 and 1980 mV, which was a considerable improvement on the
range of values obtained in the previous study. The temperature for the algal test was
opiimized and attempis were made to infroduce uniform illumination. However, in some
instances growth was stili low and further optimization is required. In order o obtain a higher
sensitivity with the Ames test, flash evaporation was replaced by XAD resin extraction. The
extracts were directly incorporaied into the top-agar following standard protocol,

The findings of the study once again indicated that both acute and chronic tests were efficient
and suitable for the evaiuation of water toxicity. The only exception was the luciferase test,
which did not prove to be a viable test.

3.3 Reference chemicals and control waters

3.3.1 Test samples
3.3.1.1 Heference chemicals

Reference chemicals (also called positive controls) are standard chemicals used to measure
the sensitivity of test organisms in order to establish confidence in the toxicity data obtained
for a water sample. Reference chemicals/toxicants are tested to determine the sensitivity of
the organisms at the time a water sample is tested, and the precision of the results obtained
by the test laboratory for that chemical. Such a chemical should have a stable shelf life, be
highly soluble in water and be stable in solution.

Gadmium (CdCl,) and pentachlorophenci {PCP) were selecied as reference chemicals for the
fish, waterflea, protozoan, algal, bacterial, urease, luciferase, and mammalian cell toxicity tests.
These chemicals, particuiarly PCP, are used by other laboratories as reference toxicants,
Stock solutions (initially 1 000 mg/t, and jater 100 mg/¢) were prepared with deionized water,
Solutions were kept at 4°C and examined regularly to sliminate changes in chemical activity
due to precipitation or microbial contamination. Dilutions were made with aerated tap water,
moderately hard water, or deionized water, depending on the requirements of the bicassay.
Sodium selenite (Na,SeQ,) and methyi viologen (C,.H,,N,Cl,) were used in the teratogenicity
test [demonstrated to give reproducible effects when tested by Genthe and Edge (1988)].
Fresh solutions were prepared for each itest. Carbofuran (conceniration: 2 pg/t) and
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malathion (concentration: 50 pg/t) were used in the acetylcholinesterase enzyme test.
Malathion was used as reference for oxidized samples. In a few instances where pesticide
contamination was suspected, samples were also oxidized to activate latent
organophosphates, thus converting indirect inhibitors into direct inhtbitors to simulate i vivo
metabolic processes (Venter, 1891). Positive controls used in the mutagenicity assay included
2-amino-anthracene (2AA) (tested with TAS8+-59) and sodium azide (tested with TA100) using
spot testing (standard methodology) (Maron and Ames, 1983}.

3.3.1.2 Conirol waters

Microbial, enzyme and mammalian cell toxicity tests show enhanced activity (stimulation) when
exposed to certain water samples (Sections 3.1.2.2 and 3.2.2.2), This is usually aftributed to
nutrients in the water. Traditionally, deionized water {nutrients added) is used for control
testing in these tests {except for the luciferase test). In this study additional controls were
evaluated as possible alternatives. The conirols included synthetic moderately hard and hard
water, and dechlorinated tap water. The hard water was prepared by using twice the
concentration of chemicals specified in Table 8. The pH of the hard water ranged between
7,6 and 8,0; the hardness between 160 and 180 mg/t (CaCO,); and alkalinity between 110
and 120 mg/e.

Dechlorinated (aerated) tap water is used as positive control for the fish and toad embryo
teratogenicity tests. However, it can happen that chlorine producis are still present in
dechlorinated water, resulfing in iethality in control tests. For this reason, a few tests were also’
carried out with moderately hard water as additional control for comparison.

3.3.2 Results and discussion

3.3.21 Reference chemicals

Reference chemicals were usually not included in toxicity tests before this study. Because
the sensitivity levels of a number of the bioassays 1o the selected chemicals wers not known
(see Table 5), the application of the chemicals involved an amount of trail and error.

During the first year of study (Section 3.1.1) a range of dilutions of the reference chemicals
were used to select a suitable test concentration/s for each bioassay, Due to the large
number of samples which had to be accommodated at one time the number of replicate tests
(Section 2.1) per sample was reduced (iwo/three replicates) in the case of the protozoan,
glgal, bacterial and mammalian cell tests. The results of the toxicity tests on reference
chemicals, carried out in parallel with the water samples {Section 3.1.1), are presented in
Tables 41 1o 45. The results indicated that for both acute and chronic tests some of the
selected test concentrations showed an appropriate response. However, some degree of
variation was observed in the sensitivity of the tests. Large variations could have been due
to changes in organism sensitivity, experimental error, or changes in the chemical composition
of the stock solutions {e.g. precipitation).

Only one concentration of carbofuran (2 pg/) was used as reference chemical in the
acetylcholinesterase test (Table 43). A very good reproducibility of results was noticed with
this test. The cadmium and PCP test concentrations were changed from time to time when
the mammalian cell toxicity tests (Table 44) were carried out to narrow down effective
concentration ranges. Because of its selective sensitivity towards heavy metals, the urease
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TABLE 41:  Effect of reference chemnicais {cadmium and pentachlorophenol) on fish and water flea

Fish test Water flea test Penta- Fish lest Water flea test =
Reference Cad- % Lethallly after exposure lime: % Lethallty after chioro- % Lethallly after exposure lime: % Lethality afier ‘%’-
chemical mium exposure time: phenot exposure time: =
o i
for: {mg/# {mg/h o !
24 h 48 h 72h 86 h 24 h 48 h 24 h 48 h 72h 96 h 21 h 48 h o i
g ;
g H
0.1 20 20 z0 40 o 85 01 0 o 20 20 o b1 p=t
Schosmansvifle ]
samples 1.0 0 ] 0 60 15 100 10 ] 0 20 40 45 100 3
[#5-07-1991) 3
10,0 40 60 60 &0 - - 10,0 100 100 100 100 - - o
a
o1 o o 20 20 25 &0 0,1 0 o o 20 o a0 =
Schoamansville
zamplos 10 0 40 50 80 a0 100 10 o 40 60 a0 a0 100
(30-08-1891) ,
10,0 100 100 160 100 . - 100 100 100 100 100 - : - | _
0,1 . - 0 0 5 20 0.1 - . 0 o 5 25
Rletviel Dam 3
samples 10 - - 40 80 100 100 10 . - o 0 ) 85 i
{05-08-1851)
10,0 - - 40 40 . - 10,0 - - 100 100 - -
0.1 - - - - 15 40 0, - - - . a 0
i Aiabviel Dam ]
samplas 1,0 - - - - g 140 1,0 - - - - 1] 15 :
{07-10-1891) 9 5
10.0 - - . - . . 10,0 - - - - - . g
0,1 - 20 10 60 60 BO a1 - ] 0 20 0 10 B
Parys samples g :
(27-08-1991) 18 . 100 100 100 100 100 1.0 - 1] 20 an 80 100 3
10,0 - 80 100 100 - - 10,0 - 100 100 100 - . -:-)'
0,1 ) ) ) o 5 5 0.1 0 o o 0 5 5 s E
Patys samplea o :
(28-10-1991) 10 a o o 10 45 65 1.0 70 100 100 00 15 35 2 :
@ {
10,0 o 0 o 10 - - 10,0 100 100 100 100 - - iy
= "
Kiipgat and 0,1 0 0 0 &0 10 25 0,1 0 0 20 20 0 25 a
Aples Aivar g. :
samples 1.0 0 50 80 100 6 100 10 ) 40 60 80 50 100 %
I {17-08-1991) o i
10,0 20 20 60 100 - - 10,0 100 100 100 100 - - & i
Kipgat and 0,1 1] a 0 1] - - 0.1 o o 0 0 - - ﬁ
Apies Pivar X hmé I
samples 10 1] 0 a 1] . . 1,0 30 70 00 100 . . 1 H
(06-11-1991) 1 - - ; - . _ a
n.0 - - 10, 100 100 100 100 - - i
— = == m ] i

- No resulls
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TABLE 42: Effect of reference chemicals {cadmium and pentachlorophenol} on microbial tests (+ indicates stimulation)
Protozoan Penta- Prolozoan Penta- Bacterinl Penta- Bacterlal
Reference Cad- oxygen chloro- oxygen Cad- Algal growth test | chloro- | Algal growth test Cad- growth chioro- arowth
chemical mlum uptake iest | phenhol | uplake tesl | mium {% Inhibillon} phenol {% Inhibition) miuwm 1est phenol test
for; {mg/h {2 Inhibl- (mo/s (%6 Inhibl- {mg/d {mg/4 {mg/4 (26 Inhibi- (mg/s (% Inhibi-
tion) tion) AAM BG-11 AAM BG-11 tion) tlen)
Schos- 10 +18 10 +76 0,1 ar 52 0,1 72 53 0.1 114 01 6
mansville
samples 10,0 +32 10,0 12 10 100 100 10 80 B1 10 a6 10 +19
{29-07-1991)
100 58 100 B4 10,0 100 100 10,0 100 100 10,0 o7 10,0 0
Schoe- 1,0 13 1,0 +65 o,1 +8 20 0.3 +6 +14 0.1 an - -
rmansvilla
samples 10,0 30 10,0 +81 %0 74 B6 10 20 ar 1.0 43 50,0 95
(40-05-1991)
100 49 100 63 10,0 65 69 10,0 38 46 10,0 o6 00,0 ] i
Rietviei Dam 1,0 +5 1,0 +49 0,1 95 63 a1 20 +a89 0.1 2 - - h
samplas
{D5-08-1991) 10,0 3 10,0 14 1,0 100 100 1,0 100 4133 10 2 100,0 87
100 at 100 By 10,6 100 100 10,0 100 100 10,0 13 500,0 o8
Rietviei Dam 1.0 14 10 +85 b, +B 20 o1 +6 +14 o1 ] 10,0 +2
samplea
{07-10-1991) 16,0 20 10,0 +81 10 74 a6 1.0 20 ar 1.0 38 50,0 8
100 49 100 83 10,0 65 68 10,0 38 46 100 82 100,0 08
Porys 10 +5 10 +a8 a1 85 83 0,1 20 +388 01 18 500 o4
samplas
{27-08-1991) 10,0 7 100 +24 1.0 100 100 1,0 100 +133 1.0 40 100,0 o7
100 &1 100 86 10,0 100 100 10,0 100 100 10,0 25 5000 85
Parys 1,0 7 1.0 +13 01 +8 20 1 +8 +14 o1 5 10,0 1
samples
(28-10-1891) 10,0 ] 10.0 +56 1,0 T4 a6 1,0 20 ar 1,0 11 50,0 a5
100 14 100 73 10,0 65 89 10,0 28 48 100 1] 1000 o7
Kiipgat and 10 ) 1,0 +22 a1 +8 20 0,1 +8 +14 0.4 38 - .
Aples River
samples 10,0 25 10,0 +88 1.0 74 86 1,0 20 a7 1.0 58 50,0 84
{17-03-1997)
100 44 100 64 10,0 65 69 10,0 ap 48 10,0 94 100.0 ;]
Klipgot and 1,0 7 1.0 +13 o1 83 | LR +38 +5 0,1 & 10,0 17
Aples Aiver
samples 10,0 ] 10,0 +58 10 100 100 1,0 4 ] 1,0 15 50,0 83
{06-11-1591)
100 14 100 73 100 0] 100 10,0 30 44 10,0 98 100 96
— —
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TABLE 43: Effect of reference chemicals (cadmium, pentachlorophenol and carbofuran) on enzyme systems (4 indicates stimulation
with luciferase test)
Leciferans enzyma feal Lucieraze enzyme les! Urezse enzyme tesl Acetylcholin-
Refe- Cad- Panta- Cad- Car- eslerase
tence mlum Immediate Luminescence chloro- immedlale Luminescence mium Total Inhibition:+++; Moderate inhibllion: + +; bo- enzymae tesl
chemlcal (mg/i luminescence decay rale phenct fuminescence decay rate (mpid Slight lahibitlon:+; Na Inhibtam: furan %
for; % (% {mg/y (% {% {ug/4 Inhibillon}
" Inhibition) inhibltion} tahiktion) inhiblifon} 2,0 mgimy 1,0 maime 0,5 mg/m¢t
Schoe- [+ }-] +38 +8b 0,2 +B0 +127 1,0 - - + - -
manaviia
samples 20 ar L 20 +B0 +128 10.0 + ++ +++ - -
{29-07-
1BR1] 200 . 100 200 47 40 1000 4+ +4++ +4+ - -
Schoe- 0,2 +1 1 02 +23 +24 1,0 - - - 2 28
" mansvile
snmples 20 i | &0 20 3 +21 10,0 - . - 2 azr
{20-00-
1001) 20,0 : Fl 20,0 78 74 100,0 +4+4 +4+4 +4+ - B
Rictviok Q2 +i8 +080 032 +680 +127 10 - - - - - I
Dam
aamples 2.0 a7 42 20 +80 +128 104 + ++ ++4 - .
{g5-08-
1| 20,0 - oo 200 ar 40 1000 b +++ ++y - .
Fietvlal 0Z +1 1 [+3-] +23 +24 1.0 - - - 2 22
| JE——
samples 20 78 60 20 a3 21 10,0 . ++ o+ - -
{07-10-
1881 2040 a8 7 20,0 8 74 1000 ++4 ++ 4 44 - - I
Parys a2 - . 0,2 . - 10 - - + 2 28 ‘
sampley
{ar-oa. 20 - - 20 - . o - ++4 44 -
1691}
20,0 . 20,0 . . 100,0 44 44 e . -
Parys 0,2 +124 +104 0,2 +11 +145 1,0 - - - 2 a5
»amplas
(2810~ 20 2 +3 20 +106 +187 100 - - .
1891) l
200 1a 200 a1 og 100,0 - - - - .
Klipgat and ¥ +1 1 0z +23 +24' 1.0 - - 2 do
| Aples Rivar
samplea 20 78 80 20 a +21 10,0 +4 +++ ++4+ 2 Bo
(1700
1831) 200 88 70 2n0 74 1A 100,0 4 ++ 4 ++4 - -
Kipgal and 02 +5 +B8 0,2 +58 +80 1,0 - - . 2 ai
Aphea River
samples z0 40 5 20 +42 +85 . 100 ++ +44 +++ - .
[08-11-
|‘ 1801) 20,0 . . 20,0 54 a 1000 . . .

- No resulls
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TABLE 44: Effect of reference chemicals (cadmium and pentachlorophenol) on
mammalian cells (+ indicates stimulation)

Raference Cad- BGM colls V79 cells Peanta- BGM cells V79 calls
chemical mium chloro-
for: (ma/y % Inhibition % inhibltion phenol % InkibRion % Inhibition
{mg/§
0,0% +4 1 oM +13 12
Schoe-
mansville Q1 +4 aq 0,1 [ 1"
sEmples
(29-07-1931) 1.0 0 4 1.0 +13 13
10,0 +4 100 10,0 +6 10
0,1 +3 +16 10,0 +14 2
0,5 - +10 120 . 1
Schoe-
mansville 10 o1 o9 14,0 3 20
samples
{30-09-1991) 2.0 100 - 16,0 - 61
. - - 18,0 a2 - |
. - - 20,0 48 .
| 1.0 72 100 1,0 +47 +9
Riabdal Dam 50 100 100 50 +58 +8
samplas
{05-DB-1991) 100 100 100 10,0 43 +1
50,0 100 100 50,0 100 100
Rietial Gam 0.5 25 23 14,0 15 37
samples
{07-10-1991) 1.0 57 52 16,0 3z 44
Parys 0.5 10 12 14,0 15 100
samples
(27-06-1991} 1,0 53 55 16,0 18 100
i 0,01 - +18 10,0 5 +5
0,1 - +3 20,0 100 100
Parys
samplas 0.5 14 - 3040 100 100 {
{28-10-1991)
1,0 48 100 40,0 100 100
5,0 100 100 - . .
10,0 100 . . R .
0,1 +23 1 10,0 . +5% 17
Klippat and
Apies River 0,5 17 44 14,0 +39 24
samples
{17-09-1591) 1.0 41 58 18,0 2 100
2.0 T8 - 00 +31 100
Wiipgat and a,5 | +2 144 4 100
Apies Hiver
samples
{17-08-1581) 1.0 48 84 16,0 50 100
— — —— ———
- No results
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enzyme was only exposed to cadmium. Only sodium selenite was evaluated in the toad
embryo test. The resulis were inconsistent and the number of deformities were lower than
expected {Table 45)., This couid be attributed to the fact that the test was not optimized and
because problems were experienced with fertility. The inconclusive resuits necessitated further
testing.

TABLE 45: Effect of sodium selenite on toad embryos

Reference Concentration % Eggs hatched Number of
chemical for: (ma/y deformities
Cenirpl 25 2
01 /] ]
F' Sehoemansyile 1.0 4] ]
{28.07-1891)
10,0 r] - 0
100 s] v]
Conral 13 a
4,001 15 2
Rigtviet Dam
(0506194} 0.0 19 7
ik 0,1 1B 4
1,0 [+] [+]
Control - a8 7]
Schoemansville
{30-10-1004); 0,004 25 G
Rigtvial Dam
[D7-10-1681); oo 18 1
und Parya
'1 {26-10-1887) a1 25 B
10 24 5
Cantrel 18 [+
o, 12 - a
Kipgat and Apies River
[©08-11-1881) oo B 1]
a1 ] 0
1,0 18 Q
‘ b - —_— |

Table 46 summarizes the sensitivity of the various bicassays to cadmium and PCP. Effective
concentrations are given as single values or as a range. The effects obtained at each
concentration are shown in parenthesis. The fish, water flea and algal tests were the most
sensitive to cadmium (0,1 mg/g, followed by the mammalian cell tests (0,5-1,0 mg/y), the
bacterial growth test (0,1-10,0 mg/{), the luciferase enzyme tests (2,0-20,0 mg/4), the urease
enzyme test (10,0 mg/d) and the protozoan oxygen uptake test (100 mg/¢). Fish, water flea
and algal tests were also the most sensitive to the organic chemical PCP. The algal AAM
medium test showed the highest sensitivity towards PCP (0,1 mg/(}, followed by the water flea
test (0,1-1,0 mg/q), the fish test and algal BG-11 medium test {1,0 mg/§), the V79 mammalian
cell test (10,0-14,0 mg/®), the BGM mammalian cell test (16,0-20,0 mg/y), the luciferase
enzyme test (20,0 mg/y), bacterial growth test (10,0-50,0 mg/y) and the oxygen uptake test
(10,0-100 mg/y.
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TABLE 46;

Sensitivity of bioassays to cadmium and pentachlorophenol
[r Chemical {mg/9
Bloassay
Cadmium Pentachlorophenol
Fish lethality test 01 1,0
{lethality: <10 - B0%) {lethality: <10 - 100%)
Water flea lethality test 0,1 0,1-1,0 I
1 (lethality: <10 - B5%) (lethality: <10-100)
Protozoan oxygen uptake test 100 10,0-100
(inhibition: 14 - 61%) {stimulation: 88% to inhibitior; 94%)
Algal growth test AAM growth medium 0,1 a1
(inhibition: <20 - 95%) {inhibition: <20 - 100%)
BG-11 growth medium 0,1 1,0
(inhibition: 20 - 71%) (stimulation: 133% to inhibition: 81%)
Bacterial growth test 0,1-10,0 10,0-50,0 '
(inhibition; <10 - 98%) (inhibition: <10 - 95%) I
Urease enzyme test 10,0 -
" Luciferase enzyme test immediate luminescence 20 20,0
(inhibition: 24 - 76%) {inhibition: 31 - 76%)
Luminescence decay rate 2,0-20,0 20,0
(inhibition; <10 - 100%) {(inhibition; 36 - 74%)
Mammalian cloning efliciency BGM cells 0,5-1,0 16,0-20,0
test {(inhibition: <10 - 91%) {inhibition: 18 - 100%)
' V70 cells 0,5-1,0 10,0 - 14,0
I {inhibition; <10 - 100%) (inhibition: <10 - 100%) I
- No results
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During the second year of study (Section 3.2.1) only one conceniration of each of the
chemicals was selected to include as reference with each set of water samples. The selection
was based on the results presented in Table 46, However, it was found that some of the
concentrations had to be increased or reduced to obiain desirable sffects. In order to
improve reproducibility, replicate tests were carried out as specified in the test methods
{Section 2.1}. Because of the inconclusive results chtained with the teratogenicity test a range
of concentrations of sodium selenite was once again tested. Methy! viologen was used as
additional contro! to compare the effects of the two teratogens.

The resulis of the reference chemicals, PCP and cadmium, are presented in Table 47, Fish
and water flea were the most sensitive test organisms to PCP and were exposed to
concentraiions of 0,1 and 1,0 mg/t, respectively. Ten milligram per litre of PCF was used in
the protozoan and algal tests, 15 mg/t in the V79 mammalian cell test, 20 mg/e in the
iuciferase enzyme and BGM mammalian cell tests, and 50 mg/t in the bacterial growth test.
The cadmium concentrations used ranged from 1,0 to 20 mg/t. Fish, water flea, algae and
mammalian cells were exposed to 1,0 mg/¢ cadmium, protozoa, bacteria, and the urease
enzyme to 10 mg/t, and luciferase to 20 mg/e. Athough most of the chemicals were not
tested extensively, a relatively good reproducibility was obtained with the number of tests
carried out. Variation between sets of tests ranged from smali to moderate and reflected the
natural variation in sensitivity of test systems.

Table 48 presenis the results obtained with the acetylcholinesterase and toad embryo tests
for the reference chemicals. The positive controls included in the acetylcholinesterase test
were carbofuran (2 ug/t) and malathion (50 ug/me). In both cases a very good reproducibility
of results was noticed. A range of concentrations (0,1 to 100 mg/s) of sodiumn selenite and
methyl viologen was initially tesied in the toad embryo test. In the case of sadium selenite,
no effects were detected at the 0,1 mg/¢ concentration while total inhibition/lethality occurred
at the 100 mg/t level. Only the 1,0 and 10 mg/t concentrations were, therefore, used in
further testing and are presented here (Table 48). Methyl viclogen caused no effects at the
0,01 mg/e concentration, while total inhibition/iethality was noticed at 10 mg/s. Here, 0,1 and
1,0 mg/t of the chemical was used for reference testing (Table 48). Results indicate that the
deformation detected at the low test concentrations of the two chemicals was not sufficient to
use for reference festing. In general, desirable effects were aobtained at the upper
concentrations. Of the two chemicals methyl viologen proved to be the most desirable to use
because deformation was always >25% (at 1,0 mg/f). In some instances lethality occurred,
but effects were generally low in case of methyl viologen and thus did not interfere with
deformation detection.

in general, the error and variability associated with statistical analysis when only one chemical
concentration is lested, is large (Warren-Hicks, 1990). It is usually recommended to use a
range of concentrations to enable the calculation of efiective concentrations, e.g. LCg's or
ECs's. For this reason additional tests were carried out with fish, water flea and algae using
serial dilutions of cadmium and PCP. Linear regression was applied to calcuiate effective
concentrations. The results are presented in Table 49, Fish were found to be the most
sensitive to cadmium (LCg,: 0,03 mg/d), followed by algae (EC,,: 0,078 mg/e) and water flea
{LCsq: 9,09 mg/@). The sensitivity of fish and water flea towards PCP was almost similar
(LCgy's: 0,349 and 0,44 mg/t, respectively). Algae were less sensitive with an EC,, of 7,78
mg/t. Replicate tests showed some variation in resuits. However, these are within the ranges
found in other laboratories (US EPA, 1991a). A comparison with the results obtained for
individual concentrations (Table 47} showed that in general resulis were in agreement.
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TABLE 47:  Effect of pentachlorophenol and cadmium on test systems fé'
Algal test Luciferase enzyme Urease enzyme test Mammatlan cell ?‘)
Fish Water | Proto- Bac- test test 8
Chemical test flea zoan terial g i
(96 h) test test AAM BG-11 test Lum Dec 0,5 1,0 20 BGM v7a 5
(48 h) mg/mt | mg/m! | mg/me cells cells & |
I
Tast
cancen- a1 1,0 10 10 10 50 20 20 - - - 20 15
tratlon |
{mg/ ‘ :
Panta- i
chloro- Number 4 11 1 4 4 13 4 4 - - - 5 5 :
phenol of tests lx
Average 50 a5 oz 18 24 74 B4 B3 - - - 81 58
effect®
Effect! 20-80 §5-100 - 4-35 2.46 50-93 a1-92 75.90 - - - 63-100 85-100
range o
Test g
concen- 1,0 1,0 10 1,0 1,0 10 20 20 10 10 10 1,0 1,0 l 2 i
tration 1 3
| {mg/} g
Cadmium | Number 4 10 1 5 5 12 4 4 25 25 25 5 5 %
of tests re
a |
Average 55 100 25 a9 96 &4 7 +24 77 55 11 72 g3 s |
aliact' m '
Ettect' 40-80 - - ga-100 50100 32-94 +23-34 +1-+48 37-98 26-80 +15-47 45.94 85-98 9
range 6' i
' % Lethality or inhibition < |
- No resulis & ;
B
L B
= i
I'a] i
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TABLE 48: Effect of reference chemicals on the acetylcholinesterase and toad embryo test
Methyl viologen Salenlia Carboluran Malathion ﬂ
Test Num- Ave- Etfect' Test Hum- Ave- Effect® Tesl Num- Ave- Effect’ Test Num- Ave- Etfect l
Bloassay |
con- berof | rage rangea con- berof | rage range con- barof | rage range con- berot | rage range
cen- tests effect can- fesis effect can- fenls effect cén- tests affect
tratlon ! trallon ! tration ! tratlon !
(mag/8 {mg/$ (walre u/y
Acatyl- - - - - - - - - 2 L a5 21-55 50 6 as 82-93
cholinesterase test
Latha- 1,0 7 17 0-61 10,0 3 42 0-83 “ - - - - . - -
Toad lity
embryo 0,1 7 1 07 1,0 3 3 0-8 - . - . . - . .
==t | pefor- 1,0 7 47 | 2587 | 100 3 38 8-59 - . . - . . - .
mallon
| 0.1 7 19 10-43 1,0 3 18 9-30 . - . . . . . .

1

% Lethality/inhibition/deformation

No resulis
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However, definitive testing resulted in improved results in the case of the algal test on PCP
and the fish test on cadmium.

The fish, water flea, toad embryo and mammalian cell tests were exposed to the
concenirations given in the tables. Bicassays like the algal, bacteria|, urease and
acetylcholinesterase tests involve some degree of dilution (80-80% of given concentration},
while a 50% dilution takes place in the oxygen uptake and luciferase tesis.

TABLE 49: Sensitivity of fish, water flea and algae to cadmium and
pentachlorophenol’

Chemical Criteriom 96-h Fish 48.h Water flea Algal growth
lethality test lethality test inhibltion test?
LC,, or EC,{ 0,024 0,15 0,043
{maft) (0,018-0,032) {0,13-0,17) (0,03-0,055)
{ma/s) {0,047.0,103) (0,17-0,29) (0.099.0,209)
R* 4,9707-0,9965 0,9449-1,0 0,9510-0,89624
|
Test concertration 0,016-1,0 0,03-0,5 0,016-0,5
range (mg/f)
LC,, Oor EC,¢® 6,20 0,19 33
{magf?) {0,35-0,288) (2,07-4,53)
PCP LCy, or LG, 0,348 0,44 7.78
(mg/®) {0,192-0,50) (5.48-10,1)
R 0,9800-1,0 0,9608 0,9887-0,8997
Test concentration 0,016-1,0 0,0311,0 3,1-50,0
range (mg/e)

! Given as an average value and the range (in brackets)
? Using BG-11 medium

3 Concentration causing 10% lethality or inhibition

4 Concentration causing 50% lethality or inhibition

8 Correlation coefficient

3.3.2.2 Conirol waters

The effects of moderately hard, hard and tap water on microbial systems are shown in Tables
50 to 52, Only one sample of each of the waters was tested with the protozoan oxygen
uptake test. No significant changes in oxygen uptake in relation to deionized water were
observed when using moderately hard and hard water (<5%). A slight stimufation occurred
when exposed 10 fap water (7%). In most instances, moderately hard water (Table 50}
resufted in reduced growth in the aigal test. This was noted at low and high control growth.
When hard water {2x the concentration of moderately hard water) was used (Table 51), algal
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TABLE 50: Effect of moderately hard water on microbial test systems 2
[ Algal growth test g
Protozoan oxygen uptake test AAM medium BG-11 medium Bacterial growth test E
Made- Mode- Mode- . Mode- g
Control rately % E!‘fect Control rately % Effect | Control rately % E1ﬁect Control rately % E1ffect 1E} r
hard hard 1 hard hard % ’=
water water water water “ 3
0,486 0,501 +3 0,062 0,038 27 | 0,050 0,068 +36 0,293 0,280 4
0,090 0,062 31 0,063 0,068 +8 0,295 0,362 +23 i
0,091 0,042 54 | 0,097 0,049 50 0,325 0,330 +2
0,107 0,097 91 0,109 0,049 55 0,336 0,343 +2 3
0,132 0,050 62| 0132 0,128 3 0,349 0,311 11
0,166 0,044 74 | 0,146 0,078 A7 0,351 0,335 5 g
0,172 0,066 62| 0,146 0,080 38 0,363 0,363 0
0,172 0,082 52| 0,167 0,117 30| o037 0,334 10
0,173 0,156 10 0,372 0,347 7o
0,407 0,384 6|2
0,424 {,449 +6 [i{B
0,450 0,448 a3
0,510 0,634 +5 |13
0,551 0,546 112
|| : 0,568 0,562 1%
o ]
|] Effect range - Effect range 9-74 Effect range 4+36-55 Effect range +23-11 " g
1 Calculated in relation to control resulis i
+  Stimulation £
- No resulls g ¥
Results given in bold - effect above detection limit @
£
a
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TABLE 51:

Effect of hard water on microbial test systems

Protozoan oxygen uptake test

Algal growth test

Bacterial growth test

AAM medium BG-11 medium |

Control Hard % E1ffect Control Hard % Effect | Control Hard % E1ffect Control Hard % E‘ffect
water water 1 water water “

| 0,508 0,515 +2 0,062 0,063 +21 0,050 0,096 +92 0,293 0,269 8

0,090 0,091 +1 0,063 0,143 +127 0,295 0,353 +20

0,091 0,058 40 0,097 0,105 +8 0,336 0,348 +4

0,132 0,122 8 0,109 0,099 9 0,363 0,474 +31

0,166 0,143 14 0,167 0,143 14 0,407 0,430 +8

0,173 0,260 +50 | 0,424 0,342 19

0,510 0,518 +2

0,568 0,629 +11

" Effect range - Effect range +21-40 Eftect range +127-14 Effect range +31-19

Calculated in relation to control resulis

Stimutation
No results

Results given in bold - effect above delection limit
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TABLE 52:  Effect of laboratory tap water on microbial test systems a
— = — ]
Algal growth test g i
Protozoan oxygen uptake test Bacterial growth test @
e Pt AAM medium BG-11 medium g -] f,

Control Tap % E}"fect Control Tap % Effect | Control Tap % Effect | Control Tap % E1ffect
water water 1 water water :
| o508 0,542 +7 0,052 0,022 58 | 0,050 0,059 +18 | 0,293 0,270 B ?
0,090 0,035 61 | 00863 0,038 40 | 0,325 0,285 12 I

0,091 0,032 65| 0,097 0,057 41 0,336 0,350 +4
0,107 0,073 32| 0,106 0,095 10| 0,357 0,337 +6 :
0,112 0,048 571 0132 0,116 12| 0,363 0,341 6
!] 0,132 0,052 61| 0,167 0,127 24 | 0,371 0,124 67
0,372 0,351 Alie &
0,387 0,417 +8 |8
0,450 0,552 +23 ||&
0,551 0,551 ol
0,568 0,367 35 3 3
{ Effect range - Effect range 32-65 Effect range +18-41 Effect range +23-67 g
— o.
! Calculated in relation to control results 2
+ Stimulation g
- No results g;
Results given in bold - effect above detection limit o
a
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growth in AAM medium was either stimulated or reduced (effects »10%), or was similar to the
control growth. With BG-11 medium, hard water mostly increased growth or showed results
similar to that of the control. In general, tap water inhibited algal growth, and effects were
more pronounced in the case of the AAM medium (Table 52). In most instances, bacterial
growth in moderately hard water was the same as in the control (Table 50). One sample
showed stimulation and two marginal reduced growth (effects 210%). Hard water samples
either had no effect {50% of samples) or stimulated bacterial growth, Onily one sampie
reduced bacterial growth (Table 51). Most of the tap water samples had no significant effect
on bacterial growth (effects 10%) (Table 52). One sample stimulated growth and three
samples showed inhibition,

The results of the effects of moderately hard, hard and fap water on enzyme systems are
presented in Tables 83 to §5. A comparison between the control results of the iuciferase test
(tap water) and the synthetic hard waters showed that the luminescence was between 240
and 384% larger in moderately hard water, and between 111 and 236% larger in hard water
(almost 50% less stimulation in hard water than in moderately hard water). It is because salt
concentrations have such a large influence on the enzyme (the higher the salt concentration
the lower the enzyme activity), and because waier normally contains a variety of salts, that tap
water was selected as the most representative control for the enzyme assay. While the
majority of moderately hard water samples showed resulis similar o that of the controls in the
urease enzyme test, stimulation and reduction in enzyme activity was also observed (effects
210%)}) (Table 53). The reduction in enzyme activity oniy occurred at the 0,5 and 1,0 mg/m¢
enzyme ievels. The changes in activity were usually small, however in a few instances
stimuiation/reduction of between 20 and 32% was observed, About 50% of the results were
similar to that of the control and the other 50% showed stimulation in the case of exposure
to hard water (Table 54). Table 55 shows that some of the results obtained with tap water
were in agreement with that of the control, while others showed stimulation or inhibition.

[nhibition was only detected at the 0,5 and 1,0 mg/me¢ enzyme concentrations. The
acetylcholinesterase enzyme was only exposed to moderately hard and tap water (Tables 53
and 55). Results were similar to that of the controls {effects <10%).

Table 56 shows the effects of moderately hard, hard and tap water on mammalian celis. In
general, the results obtained with the three test waters were in agreement with those of the
controls (effects <20%j). in some instances moderately hard and tap water had no effect on
V79 cells (effect <10%), inothers cloning efficiency was stimulated or inhibited. Hard water
showed results similar to the control or stimulated cloning efficiency.

In a few instances moderately hard water was included in tests with fish and toad embryos.
A good response was obtained indicating that moderately hard water is an ideal substitute for
tap water as control,

3.3.3 Conclusions and recommendations

In general, the reference chemicals used with both the acute and chronic tests showed an
appropriate response, indicating that the tests were successiully applied. A relatively large
variation in the sensitivity of some of the tests was observed during the first year of study.
These variations could have been due to changes in organism sensitivity, experimental error,
or changes in the chemical composition of the stock solutions (e.g. precipitation), During the
second year of study great care was taken that chemical solutions were freshly prepared, and
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TABLE 53: Effect of moderately hard water on enzyme systems
Luciferase enzyme test Urease enzyme test Acetylchofinesterase "
enzyme tes|
Immeadiate luminescence Decay raie 0,5 mg/mi 1,0 mg/mt 2,0 mgimi
Con- Mode- % Con- Mode- % Con- Mode- % Con- Mode- % Con- Mode- % Con- Mode- %
rol rately | Effect trol rately Etfect 1ol rately Effect trol rately Eftact trol ralely | EHect trol rofely | Effect
hard ! hard ! hard ! hard ! hard ! hard !
waler watar waler water water water
1582 67498 +330 9,879 43,253 +338 0,027 0,031 +15 0,045 0,049 +9 0,060 0,063 +5 0,278 0,276 1
731 8384 +384 10,038 47,148 +370 0,035 0,039 +11 0,053 4,054 +2 0,063 0,075 +18 0,z2av d,273 5
1804 6469 +240 11,218 45,891 +309 0036 0,032 " 0,054 {0,055 +2 0,066 0,068 43
1956 6976 +257 11,505 40,867 +255 0,038 0,04 +8 0,062 0,066 +7 0,068 0,082 +21
0,040 0,030 25 | 0,074 0,083 1 o070 | 0,076 +8
0,056 0,008 32 | 008D 0,090 +13 0,080 0,086 +8
0,069 0,068 2 0,084 0,061 a7 0,088 0,097 +10
0,074 0,075 +1 | 0,084 0,085 +1 0,032 0,096 +4
0,074 0,082 +11 0,086 0,100 +16 0,093 0,091 2
0,077 0.083 +8 | o088 | o082 7| o034 | o102 +9
0,078 0,051 +4 | 0,091 0,089 2 0,095 0,104 +10
0,080 0072 10 | 0,092 0,084 9 0,096 0,117 +22
0,082 0,084 +2 0,095 0.100 +5 C, 101 0,110 +5
0,083 0,085 +2 0,096 o101 +5 a,101 0,106 +5
0,084 0,085 4+1 0,102 0,108 +6 aq,107 0,115 +8
0,084 0,073 13 0,104 a,0B5 18 c,111 0,120 +A
Elfect range +240- Effect rango +255- Effect range +15- . Effact range +16- Effect ronge +22-2 Effect range 1-5
|| 4364 +370 3z 27

1
+

Calculated in relation to confrol results

Stimulation

Results given in bold - effect above detection limit
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TABLE 54: Effect of hard water on enzyme systems
Lucifarase enzyme test Urease enZyma fest Acetylcholinesterase
enzyme test
Immediate juminescence Decay rate 0,5 ma/mie 1,0 mg/m¢ 2,0 mgimi
Con- Hard % Con- Hard % Con- Hard % Con- Hard % Con- Hard % Con- Hard %
trol water Eﬂ‘ecl tral waler | Efect trol water | Effect irol water Eﬂ'ect tral water | Effect trol water EHFcl
1
;
1582 4451 +181 9,079 27,164 +178 | 0,027 0,023 15 { 0,045 0,043 4 0,060 0,062 +3 - . -
1731 5816 +236 10,038 37,360 +272 0,034 0,037 +9 | 0,052 0,058 +14 0,068 0,091 +35
1904 4010 +111 11,218 | N,.717 +183 | 0,035 0,053 +81 | 0,053 0,063 +19 0,069 0,078 +13
1956 4907 +151 11,505 25,548 +122 {,035 0,036 +3 | 0,053 0,067 +26 0,069 0,081 H7
0,038 0,051 +34 | 0,054 0072 +33 0,070 0,087 +24
0,077 0,076 1 0,086 0,003 +8 0,006 0,095 1
0,078 0,070 10 | o001 0,085 71 o001 o111 +10
0,082 0,082 0 | 0,005 0,083 2 0,103 0,112 +11
Effect tange +111- Eftect range +122- Effect mnge- +51- Eftect range +33-7 Effect range +34-1 Effect range - .
+236 +272 15
! Calculated in relation to control results
+ Stimulation
- No resulits

Results given in bold - effect above detection limit
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TABLE 55: Effect of laboratory tap water on enzyme systems

UOISSILLILLOY U2JBasSH 1BIBM

Lucilerase enzyme test Urcase enzyme lest Acetylcholinesierase
enzyme lest
Immediate luminescence Decay rate 0,5 mg/mdt 1,0 mg/mi 2,0 myg/mi
Con- Tap % Con- Tap % Con- Tap % Coan- Tap % Con- Tap % Con- Top %
N trot water | Effect trol waler | Effect trol water | Effect trol walot Effect rol water | Etfect tral Waler | Effeet
)
. - - . - - 0,034 0,042 +24 0,052 0,067 +29 0,062 0,070 +11 D275 0,285 +4
0,035 a,040 +14 0,053 0,060 +13 0,066 0,072 49 0,279 0277 1
0,036 0,028 22 0,054 0,047 13 0,066 0,083 +26 i
0,040 0,034 15 0,057 0,065 +14 0,069 0,081 +17 !
0,046 0,04 1" 0,062 0,056 10 0,069 0,079 +15 .
0,058 0.053 g | oosd | 0,089 +11 aoes | 0100 +14 i
0,074 0,078 +% | o080 | DoOB3 +4 | oosa | poses 8
0,080 0,035 56 | ooee | o092 45 | opgz | powe +8 i
0,083 0,081 2| ooss | o100 +4] op94{ o096 +2
0,084 0,086 +2 | 0102 0,106 +4 0,107 0,16 +8
D,084 0,069 10 | o104 | o082 21 0,111 o,Hg +7 '
EHect range . Effect range - Effect range +24- Effect range +20- Effect range +2- Etfect range +4-1
56 21 +26 f}

Calculated in relation to control results

+ Stimuolation

- No results

Resuits given in bold - effect above deteclion limit
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TABLE 56: Efifect of moderately hard, hard and laboratory tap water on mammalian cells

V79 ceils

BGM cellz
Con- Mode- % Con- Hard % Con- Tap * Con- Mode- % Con- Hard % Con- Tap %
trol rately Effect ro} walar EHect trof walsr Effact trol rafely | Effect trol waler Etffect trol water | ENect
hard ! ! ‘ hard ' ' '
water water
a3 99 +19 83 83 +7 a3 109 +M 109 137 +26 109 128 +17 109 122 +12
118 144 +22 118 112 § 106 105 1 129 137 +6 137 158 +15 129 165 +28
120 122 +2 120 116 3 118 114 3 137 143 +4 139 134 4 137 128 7
138 124 10 128 140 +2 120 102 15 139 116 17 143 139 3 139 120 14
138 134 3 143 145 +1 143 138 4
Effect range +19- ° EHect rangs +7-5 Effect range +3t. Etfect range +26- Effecl rangja +17-4 Effect range +28-
10 15 17 14 II
! Calculated in relation to controf resuils
+ Stimulation

Resulls given in bold - effect above detection limit
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were examined for possible changes in composition. The variation observed during this
period was largely contributed to the natural variation in the sensitivities of the test organisms.

The chemicals selected for testing were found to be suitable as reference toxicants. Methyl
viologen was found to be a better reference toxicant for the toad embryo teratogenicity fest
than sodium selenite.

Although the results obtained with individual solutions were satisfactory, the error and
variability associated with the statistical analysis of such results is large. It is, therefore,
recommended that definitive tests should be carried out with reference chemicals to establish
efiective concentrations which are more readily comparable. It is recommended that such
tests should be carried out when new organism stock/material is obiained for testing.
Furthermore, reference chemicals should be tested once a month (definitive test} with thase
tests used for routine analysis,

The evaluation of additional controls indicated that, in general, protozoan oxygen uptake,
bacterial growth, and acetylcholinesterase enzyme activity and mammalian cell cloning
efficiency in hard and moderately hard water were the same as in the standard control. In
some instances increased function/activity was detected. The resuits cbtained with algae and
the urease enzyme varied, and showed increased as wsll as reduced function/activity. Tap
water showed inhibition in several instances, indicating that this water is unsuitable as control.
Since the use of moderately hard and hard water did not drastically change responses in the
maijority of tests, and since large variations occurred in same of the tests, it is recommended
to continue to use deionized water as contro! in microbial, enzyme and mammalian cell tests.
The results obtained with fish and tozds indicate that moderately hard water is an ideal
substitute for tap water as control,
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4. GENERAL CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
REFINEMENT

The study indicated that, with the exception of the luciferase enzyme test, all the biological
toxicity tests employed have a viable role to play in water quality monitoring and control in the
country. In general, tests showed good reproducibility, precision and consistency. The
evaluation of water showed that there is no single method that can satisfy a comprehensive
approach 10 aquatic life and human health protection. For this reason, toxicity tests shouid
be applied in battery form, so that the tests can complement each other.

Not ali the tasts were well defined at the beginning of the study. As aresult, time was spent
to improve/optimize tests. Most of the recommaendations suggested for improvement were
foliowed through. Apart from the luciferase test, which was found to be unsuitable for water
testing, the algal test still showed a low growth in certain instances. This was mainly due to
deficient lighting, erratic subculiuring, and insufficient nutrients as a result of medium
precipitation. Problems were experienced with the reproduction of fish and toads, particularly
in winter months. Furthermore, fish were very prone to disease.

In order to solve breeding and disease problems with fish, it is recommended that fish for
toxicity testing purposes are bred and supplied from a central facility. Although satisfactory
results are obtained with guppies, attention should be given to the development of procedures
employing indigenous species. The algal test problems can be rectified by appropriate
optimization. Aigal growth was measured at 450 nm instead of at the standard wavelengths
of 600-650 nm used in the USA and Europe. This wavelength was selected for density
determinations because studies conducted by Slabbert and Hilner (1980) during technigue
development showed that higher and meore acceptable readings can be obtained for
microplate use. A wavelength of 450 nm is also used by Canada in their miniaturized algal
test (Environment Canada, 1992a). Any interferences by organic or other chemicais at this
wavelength should be dstected in the bianks. In order to ensure that 450 nm is the most
appropriate wavelength for future use, it is recommended that studies are carried out to
establish the effect of wavelength on test results. In order to improve fertility of toads, culturing
conditions could be revised and alternative hormone treatment could be investigated.

The battery of tests is not complete. Attention should be given to the development of other
rapid acute toxicity bioassays. The array of tesis should also include short-term chronic
aquatic toxicity tests, particularly for effluent and ambient water monitoring. There is alsc a
need for aiternative rapid genotoxicity/mutagenicity tests, as the Ames test does not detect
all potential carcinogens.

Many of the tests showed enhanced activity when exposed to the water samples. This is
usually attributed to the presence of nutrients in the water. It is also possible that the
stimulating effects were due to low levels of toxic chemicals. Stimulation in sublethal
responses such as growth (Stebbing, 1982) and respiration (Slabbert and Morgan, 1982) has
been reported when organisms and celiular systems were exposed {o low levels of individual
toxic chemicals. This phenomenon is known as hormesis. However, extensive research is
required io prove that stimulation by water samples which contain complex mixtures of
chemicals is due to toxic activity.

In arder to ensure reliable toxicity results, proper quality assurance practices should be
followed. Such practices include all aspects of the test that affect the accuracy and precision
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of data, namely the test organism/material, test system, control/dilution water, test sample and
results.

Reference chemicals are used to establish the validity of toxicity data generated by
laboratories. It is recommended that all l[aboratories involved in toxicity testing should carry
out tests with recommended reference chemicals so that inter- and intra-laboratory precision
can be monitored.
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Introduction

Slabbert of al {1993) investigated two classes of waters in their report Development of
guidelines for taxicity bioassaying of drinking and environmental waters in South Africa,
namely surface and borehole water. In general, the borehole water showed much higher
toxicity than the surface water, and particularly the three standard aquatic tests (fish, Daphnia,
algae) showed adverse aclivity. The guestions arose: Why was the borehole water, in
general, more toxic than surface water and which chemicals caused the effects? Although
chemical data were available, effects could not be expiained by simpie comparison. As
alternative, chemical equilibrium maodelling (chemical speciation) was applied to interpret
toxicity results. Since surface water was not analyzed for all the data required for modeliing
(particularly alkalinity}, modelling was only applied to the chemical data of borehole water.

Approach followed

The approach which was adopted in the compilation of this report is the following. Only the
sampies which exhibited toxicity in a number of bioassays were considered. The chemical
equilibrium modelling was used to simulate the speciation of the solutions, using the
conditions listed in Tabie 39 of Slabbert el al (1996). Because the exact pH of the different
media - borehole water mixtures was not reported, the speciation of these tests could not be
cajculated. Therefore, explanations in terms of the chemical speciation of the solutions were
only given in terms of the Daphnia test where no additional chemicals played a role. Where

this was not possible, effects were explained in terms of known behaviour of certain chemical

compounds. To enable this the total concentrations of chemical determinands in samples
exhibiting toicity were compared fo values which were compiled by Dallas and Day (1993).
Potential toxicants in samples were taken as those constituents which were close to critical
values listed by Dalias and Day.

General explanation for toxicity

in general, the alkalinity of borehole water is low which results in a low buffering capacity. This
means that, especially for metals, the fermation of non-toxic complexes, which reduces toxicity,
is limited.

Speciation calculations showed that very little interaction occurred in the specific samples used
in this study and that in cases where chemicals were present at potentially toxic levels,
adverse activity was likely to occur,

Samples 1,2 and 5

In these sampiles no toxicity was observed, so they will not be discussed here,

Sample 3 (Winterveid 1)

Most likely toxicants:

The likely toxicant in this sample is zinc at 190 pg/t. Dallas and Day lists a 48-h LC,, for

Daphnia magna of 100 - 500 pg/t Zn. The value is, however, dependent on zinc speciation
in the water sample. Work carried out at CSIR (Pretorius et al, 1994) indicates that a free zinc
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(Zn?*) concentration of 6.5 pg/¢ (107 mol/) is detrimental to Dapfinia in very soft waters with
low alkalinity.

Sample 4 (Winterveld 2)
Most likely toxicants:

The most likely toxicants in this sample are nitrate at 44 mg/¢ and zinc at 2380 ug/e.
Sample 6 (Waterkloof)
Most likely toxicants:

The most likely toxicanis in this sample are ammonia, iron, manganese, mercury and phenol,
Using the total ammonium conceniration of 11.31 mg/? NH,* (which is equivalent to 8.8 mg/e
ammonia expressed as N) for this sample in an equilibrium simulation, an NH, concentration
of 0.009 mg/t at pH 6.2 and 0.14 mg/t at pH 7.4 is obtained. Dallas and Day cites evidence
for a 48-h LC,, of 2,94 mg/t NH, for Daphnia magna and a minimum acceptable tolerant
concentration (MATC) of 0.41 - 0.87 mg/¢ NH,,.

The ron and manganese concentrations are also high., Dallas and Day reports that
repraductive impairment for Daphnia magna at 4.4 mg/¢ iron has been observed, with a 48-h
LC,, of 9.6 mg/t. For manganese, they report a 21-day LC,, of 5.7 mg/t and reproductive
impairment at 4.1 mg/¢, using Daphnia magna. These values do not, however take the
speciation of these elements into account,

The mercury concentration of 4 ug/t is below the 21-day LCy, and 48-h EC,, values listed by
Dallas and Day, which are 13 pg/t and 5.2 pg/t respectively. Reproduciive impairment in
Daphnia magna at 3.4 pg/t has howsver, also been noted. Again, the effect of mercury on
organisms will depend on mercury speciation.

The phenol conceniration in this sample of 298 pg/tis not of concern to Daphnia. According
to the Canadian Water Quality Guidslines, the 48-h LC; for Daphnia magna varies from 7.7
mg/t to 18.8 mg/e.

Observation:
When the sample was tested after aeration, the % mortality decreased from 40% to 0%.
Exptanation:

Two possible causes for the decrease in Daphnia lethality may exist. First, it may be a
consequence of ammonium (NH,*) being volatile. Thus, aeration of the solution will lead to
a decrease in the ammonium concentration. This decrease will resuft in a lower ammonia
(NH,) concentration, which will decrease toxicity, since ammonia is the toxic species. Second,
the solution is supersaturated with respect to a number of iron and manganese solids. lt may
be expected that after a period of 1 to 3 weeks, pius aeration of the sample for 4 hours, these
solids will precipitate. The precipitation may have iwo effects: first, it will decrease the iron
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and manganese concentration in solution and second, it may adsorb mercury from solution,
which will decrease the concentration of mercury in solution.

Sample 7 (ISCOR)
Most likely toxicant:

The aluminium concentration of 272 pg/t is approximately 10-times lower than the LC,, value
for Daphnia magna listed by Dallas and Day. [t is however, close to the 320 ug/¢ which is
reporied to give rise to reproductive impairment in Daphnia magna.

The zinc concentration of 220 ug/t is similar to that observed in Sampie 3.

Observation:

When the sample was tested after aeration, Dapfinia lethality decreased from 100% to 45%.
Explanation:

Equilibrium calculations indicated that this sample was supersaturated with respect 10 a
number of solids belonging to the hydrous ferric oxide and aluminium hydroxide groups. The
decrease in toxicity may be linked to this. If the sample was left to stand for a period of 1 to
3 weeks before the aerated tesis were performed, these solids may have had time to form.
They are strong adsorbenis and may adsorb toxicants in the soiution, effectively decreasing
the toxic (zinc) concentration in solution. Aeration did not change zinc speciation at all.
However, the pH of the aerated samples were not reported, so we do not have a very good
understanding of the chemistry in the solution.

Sampie 8 (Silverton 1)
Most likely toxicant:

Aluminium at 161 pg/t, although it is half the concentration fisted by Dalias and Day which has
been noted to lead to reproductive impairment in Daphnia magna. Dissolved oxygen of below
5 mg/t may play a role here.

Observation:
When the sample was tested after aeration, the Daphinia lethality decreased from 25 % to 5%.
Explanation:

Two passible explanations for this observation may be offered. First, it may simply be a case
of an increase in dissolved oxygen which decreases the Daphnialethality. Second, equilibrium
calculations indicated that the sample was slightly supersaturated with respect to aluminium
solids. Thus, depending on the time period between the two bioassays, the aluminium
containing solids may have precipitated. Other changes in the solution, like an increase in pH
with time, will favour this precipitation process, This precipitation process will lead to a
reduction in concentration of aluminium in solution.
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Sample 8 (Derdepoort)

Most likely toxicant:

The mast likely toxicant is zinc at 620 pg/e (cf Sample 5).
Observations:

(a) Daphnia mortality increased upon aeration
(b) Daphnia mortality was very similar to that observed for sample 7, even though
the total zinc concentration was approximately 3 times lower in sample 7.

Explanation:

(a) The carbonate concentration in this sample was higher than would be expected for a
system in equilibrium with the atmosphere. Such a system will tend towards
equilibrium. The reaction describing the equilibrium between CO,(g) and CO,#(aq) is
given by the following reaction:

CO,(g) + H,0 <==> COZ(aq) + 2H* (A)

In order to establish equilibrium, reaction A will tend to the left. Thus, carbonate will
be removed from the system and liberated as CQO,(g). During aeration, the solution
will be agitated and that would facilitate removal of CO,(g) (and thus carbonate) from
solution.

This will result in an equilibrivm carbonate concentration less than the carbonate
{alkalinity) of the solution upon sampling. Since the major figand controlling zinc
speciation in this solution is carbonate, the zinc speciation will change. A simulation
carried out using the reported alkalinity value contairned 43% of the total zinc as Zn?*,
which is the toxic zinc species. Howsver, when the solution was equilibrated with air,
this changed to 82% zinc as Zn?*, Expressed in terms of pg/t, the original solution
contained 264 pg/t Zn**, while the aerated solution contained 570 pg/t Zn?*, Thus,
the increase in Zn?* is the direct result of the decrease in carbonate concentration.

(b) The Zn#* concentrations in the samples are remarkably similar. Sample 7 had a
calculated Zn?* concentration of 3.1x10° mol/t (or 203 ug Zn?*/f), while sample 2 had
a calculated Zn?* of 4.05x10° mal/t {or 264 pg Zn%/Y).

Sample 10 (Silverton 2)

Most iikely toxicant:

Nitrate at 6.2 rmg/u.

Observation:

Aeration of the sample decreased Daphnia lethality from 15% to Q.
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Explanation:

If the time period that elapsed between the initial and second test was sufficient, it is possible
that nitrate was utilized in denitrification processes since the samples was not preserved with
H,50,. These processes will lead 1o a decrease in nitrate concentration and by-products
which were formed may have been driven off during the aeration process.

Sampie 11 (Fochville)

Most likely toxicant:

Nitrate at 5.4 mg/e.

Observation:

Aeration decreased Daphnia lethaiity from 80% to 35%.

Explanation:

See explanation for Sample 10.

Sample 12 (Annlin)

Most likely toxicant:

Aluminium at 111 pg/e and iron at 440 ug/t. However, the aluminium concentration is more
than 50% less than the conceniration noted by Dallas and Day which would give rise to
reproductive impairment to Daphnia magna. In the case of iron, the concentration in this
sample is an order of magnitude less than the lowest concentration showing adverse effects

to Daphnia magna (Dallas and Day, 1993),

The fact that the borehole is situated in a nursery, together with the reported DOC value,
suggest that the toxicant may be a pesticide or herbicide in use in the nursery,

Observation:

Upocn aeration, Daphnia mortality increased from 40% to 95%.

Explanation:

Based on the chemical analysis availabie, no explanation for this observation can be given.
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TERMINOLOGY

Acclimation means to become physiologically adjusted to controlled laboratory conditions.

Acute means a stimulus severe enough to rapidly induce an effect in a short period of time.
in aquatic toxicity tests an effect observed within 86 h or less is usually considered to be
acute. An acute effect can be lethal or sub-iethal.

A bioassay is a biological test used to evaluate the relative potency of a chemical or a mixture
of chemicals by comparing its effect on a lving organism with the effect of a standard
preparation on the same type of organism. Bicassays are frequently used in the
pharmaceutical industry to evaiuate the potency of drugs.

A chemical is any eilement, compound, formulation or mixiure of a chemical substance that
might be mixed with, deposited in or jound in association with water/effluent.

Chronic refers to a stimulus that continues for a relatively long period of time (iong-term
effects of small doses and their cumulative effects over time). Chronic toxicity is measured
in terms of sub-lethal effects. Endpoints include reproduction and growth. Most of the
chronic aquatic tests in use today use & short exposure period of approximately 7 days and
are calied shori-term chronic tests,

A controt duplicates all the conditions of the exposure treatment, but contains no toxicants.
The control is used to determine the absence of measurable toxicity due to basic test
conditions (e.g. salinity, temperature, health of test organisms, or effects due to handling of
test organisms).

Control/dilution water is the water used for the sample control and for dilution. This may be
deionized water, Milli-Q™ water, uncontaminated receiving water, dechlorinated water or
reconstituted water.

A culture means the stock of organisms grown under defined and conirolled conditions to
- produce health test organisms. To culture means to carry out the procedure of growing
organisms.

Coefficlent of variation (CV) is a standard statistical measure of relative variation of a
distribution or set of data, defined as the standard deviation divided by the average (mean).

Dechlorinated water is chiorinated water (usually municipal drinking water) that has been
treated to remove chiorine and chlorinated compounds from solution.

A definitive test estimates the concentrations at which a certain percentage or number of
organisms/material exhibit a certain response. Organisms/malerial are exposed 1o various
proportions of a chemical solution/effluent and dilution water (usually seria} dilutions) for a
predetermined period of time. At various times during the exposure period the response of
the organisms/material in each concentration is observed and recorded, and the number of
responses in relation to the test concentration analyzed.

Deionized water is fresh water from which the soluble ions has been removed,

Terminofogy @il
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The EC is the point estimate of the toxicant concentration at which a certain percentage of the
test organisms/material wouid be affected {growth inhibition, respiration inhibition, immobility},
e.g. the EC,, (10% effect) or ECy, (50% effect).

The LC (lethal concentration) is the paint estimate of the toxicant concentration at which a
certain percentage of the test organisms die, e.g. the LC,, (10% lethality) or LC,, (50%
lethality). The exposure period is also included in the endpaoint, e.g. 96-h LG,

Lethal means causing death by direct action.

Mutagenic is the ability of a chemical to damage/change an organism’s genetic material,
Photoperiod is the duration of illumination and darkness within a 24-h period.
Precipitation means the formation of a solid (ie. precipitate) from & solution.

Reconstituted fresh water is deionized, glass-distilled or Milli-Q water to which reagent-grade
chemicals are added to obtain a desired hardness and pH.

A reference chemical (toxicant) is a standard chemical used to measure the sensitivity of test
organisms to establish confidence in the toxiclty data obtained for a test chemicalfwater/
effluent. Furthermore, a reference chemical is used to determine the precision of results
obtained by a laboratory for that chemical.

In a screening test organisms/material are directly exposed to water/effiuent (100%
concentration).

Static refers to a toxicity test in which test solutions are not renewed during the test.

Stock solution is 2 cancentrated water solution of a substance to be tested. Test soiutions
are prepared by adding measured volumes of the stock solution to dilution water.

Sublethal means detrimental but not causing death.

A teratogen is defined as any agent capable of causing the formation of congenital anomalies
or monstrosities. Thalidomide is a well-known feratogen.

Toxicity is the characteristic/inherent potential/capacity of a chemical {or a group of
chemicals) to cause adverse effects on living organisms. Adverse effects inciude lethality or
those effects limiting an organism's ability to survive in nature. Such effects could be acute
or chronic.

A toxicity test is atechnique that determines the effect of a chemical/water/effluent on a group .
of organisms or cellular/subcellular systems, using defined conditions. Such a test either
measures the proportions of test organisms affected (e.g. number of fish died) or the degree
of effect (e.g. percentage inhibition of oxygen uptake) after exposure to specific concentrations
of a chemical/water/effluent. In the toxicological field a toxicity test is often referred to as a
toxicity bioassay/fassay or a biological toxicity test.

Terminology {iv)
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1. INTRODUCTION

The use of hiological toxicity tests has become an important approach to compiement
chemical analysis to monitor and control harmiul chemicals in water. In South Africa, where
industrial effluent and hazardous waste are manifesting a growing pollution problem, the
demand for toxicity testing is also rapidly growing. Recently, the Department of Water Affairs
and Forestry (DWA&F) followed the international trend and identified toxicity testing as an
appropriate tool to manage toxic effiuenis (DWA&F, 1991). It is expected that this new
approach of the DWA&F and international exposure will result in an increased use of bioassay
techniques in the country. While the usefulness of biological toxicity tests has clearly been
proven in local studies, it became necessary to establish guidelines for toxicity testing to
ensure that standardized protocol and procedures will be introduced in South Africa.

During the past three years a range of locally developed/established toxicity tests were
extensively evaluated in two Water Research Commission projects (Slabbert et af, 1996a,b)
in order to formulate guidelines for toxicity testing in the South African context. The
information gained from these studies is compiled in this guideline document. The document
provides guidance on test methodologies, quality control, sampling, and application, and has
been prepared for use by decision makers (DWA&F, Department of National Health and
Population Development, Department of Environmentat Afiairs) and water laboratories.

For additional information refer to the reports of Siabbert et al (1996a,b) Development of
guidelines for toxicity bioassaying of drinking and environmental waters in South Africa
and Development of procedures to assess whole effluent toxicity. '

2. TOXICITY TEST COMPONENTS

A toxicity test consists of several components including the test organisms/material, test
system, iest sample, control/dilution water and the test results, In order {o ensure that a test
is successfully employed it is essentiai that the test components meet certain general quaiity
assurance requirements. Quality assurance practices include ail aspects of the test that afiect
the accuracy and precision of the data. General guidance on good laboratory practices could
be obtained from literature.

2.1  Test organisms/material

Organisms used for toxicity testing should be disease free, as indicated by minimal mortality
in holding tanks/containers and in control tests, and be acclimatized to test conditions. In
case of microbial tests proper microbial cuituring and handling techniques should be foliowed
to keep cultures axenic and contamination free, Cell culiure procedures necessitate highly
sterile facililies to avoid microbial contamination. Enzymes are sensitive 1o temperature
changes and should be handled and stored as advised on the containers to avoid changes
in activity. Test organisms/material should.not have been exposed to pollutants or stressed
prior to use. All organisms/cellular and subcellular material used for testing shouid have a
known origin and history.

Care should be taken with handiing and treatment of organisms to limit variation in their
fesponses. To avoid unnecessary stress after collection, during transportation and
acclimation, organisms should not be subjected to changes of more than 3°C in water
temperature or 0,3% in salinity during any 12 h period (US EPA, 1985; 1991).

Introduction 1
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When organisms are obtained from a source known fo have healthy stock, a minimum
observation period of 48 h should be allowed. If organisms are obtained from unknown stock
or from the wild, a period of 7 days should be allowed (US EPA, 1985).

Young organisms are often more sensitive to toxicants than adults, and for this reason early
life stages are used, e.g. first instars of Daphnia, and juvenile fish, There may be special
cases whers the limited availability of organisms will require some deviation from the
recommended life stage. In a given test all organisms should be approximately the same age
and should be taken from the same source. The maximum recommended differences in age
within a batch is approximately 3 days in case of fish and 12 h for Daphnia {US EPA, 1985).

Containers should not be crowded with animals to avoid the depletion of oxygen, the
praduction of waste products and stress induced by crowding. For static tests it is
recommended that loading in containers should not exceed 0,8 g/t of test solution at
temperatures s20°C and 0,4 g/t at temperatures >20°C (US EPA, 1991).

2.2 Test system

Animalroom/iaboratory/incubator/waterbath temperature controlsystems should be adequate
fo ensure the maintenance of recommended test and culturing temperatures. Likewise,
temperature control systems of cold storage rooms/refrigerators/freezers should be effective.
Measuring devices, e.g. thermometers, pH meters, oxygen meters and monitors, and
specirophotometers should be calibrated by following the manufacturer's recommended
methods before and at appropriate intervals during use. Instruments should also be serviced
by the manufacturer/supplier at regular intervals to ensure optimum operation.

Air used for aeration should be free of ail and fumes. Test facilities should be well ventitated
and free of fumes. itis very imporiant to separate culture rooms from the test environment
to ensure that organisms/culiures are not intoxicated when working with volatie
chemicals/effiuents, Ventilation systems should be designed and operated to prevent
recirculation and leakage of air from other areas.

Materials that come into contact with water should not release, absorb or adsorb toxicants,
and should be cieaned thoroughly before use. Tempered glass, perflucrocarbon plastics (e.g.
TEFLON]), and polystyrene are recommended for use to minimize sorption and ieaching of
toxic substances. These materials may be reused after decontamination.

Plastics such as polyethylene, polypropylene, polyvinyl chloride and TYGON, and fibreglass
may be used as test chambers and to store effluents and dilution water or to convey them to
a test system (US EPA, 1985), However, caution should be exercised when using uniested
plastic because it could be toxic.

Copper, galvanized material, rubber, brass and lead should not come in contact with holding
water, dilution water and test samples. information on the cleaning of containers and
equipment can be obtained from literature (LS EPA, 1985, 1981, Environment Canada, 19392).

2.3  Water used for dilution, control and culturing
The quality of water used for dilution, control and culiuring is very important. It is

recommended that water supplies are analyzed at regular intervals to ensure that the water
does not contain harmiul chemicals.

Toxicity Test Components 2
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Water used for the rearing and holding of animals and for diiution and control testing may be
natural waters (ground or surface water}, dechlorinated tap water or synthetic water. When
effiuents are tested, receiving water is usually used for dilution and control testing (Stabbert,
1996). Tap water can be dechlorinated by aeration for 1 week or active aeration using air
stones for 24 h, filtration through activated carbon, or the use of thiosulphate. However,
halogenated organics formed during chiorination might not be removed by asration and
thiosulphate treatment, whereas carbon freatment will remove both the chiorine and the
halogenated organics and is the preferred treatment.

Synthetic water has the advantage of having a standard quality. Such water is particularly
important where there are large differences between the tap water quality of laboratories (e.g.
hardness), The use of this water will contribute towards quality assurance practices, The
recommended procedure for the preparation of synthetic moderately hard water is given in
Table 1.

Dechlorinated tap water is usually used 1o rear larger organisms such as fish and toads where
large volumes of water are required. Smaller animals like Daphnia can be easily and
effectively cultured in synthetic water. Deionized water is usually used for media preparation,
control testing and to prepare dilutions in the case of micrebial, enzyme and mammalian cell
tests.

Deionized water is prepared by means of standard equipment. However, the quality can vary.
To ensure that the dejonized process is effective, conductivity should be regularly measured.
A very high quality water can be obtained when using a Milli-Q system (reverse osmosis and
ion exchange). High quality water for use in toxicity tests can also be purchased from medical
suppliers {e.g. Baxter water from Sabex}.

Table 1: Moderately hard reconstituted water’

Reagent added? (ma/ NaHCQ, 86,0
CaS0,.2H,0 60,0
L MaSO, 60,0
| KC! 4,0
Nominal water quality range® | pH 7.4 - 7,8 (82 !
Hardness* 80 - 100 (89)
Alkalinity 60 - 70 (59)
US EPA (1985) : z Prepared with deionized water
3 Measured value in parenthesis 4 As mg/t CaCO,

24  Test samples

Water and effluent should be sampled and stored in such a way that the sample is
representative of the water/efiiuent The toxicity of water/effluent can change because of
volatilization of chemicals, precipitation or biclogical degradation. Samples shouild be kept
at 4°C during transport and before testing. Samples should be tested as soon as possible
(within 24 h) after sampling to limit changes in composition (Slabbert, 1996). Containers
should be clean {free of chemicals and if necessary sterile). Containers shouid aiso seal wefl
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to avold the loss of volatiles. No preservatives are added to test samples.

Water/effluent variability will determine the sampling method and frequency (Slabbert, 1996;
Slabbert et a(, 1996b). If there is a large variability in quality a composite sample can be
faken. Grab samples are usually collected if variation in quality is small. The compositing
process tends to dilute toxicity, and such samples are usuaily used for chronic tests. Grab
sampies collected during peaks of toxicity provide a measure of the maximum efiect. Such
samples taken at selected intervais are the most appropriate for acute tests.

Tests employing aquatic animals (e.g. fish, water flea) are usually carried out an the
water/effiuent without fittration. However, at times when water is very turbid it might be
necessary to fiter the sample (Whatman fifter paper, giass wool). If it is the aim of a test to
determine whether or not particulate matter is contributing to toxicity, tests could be carried
out on filtered and unfittered samples to compare results. Some toxicity tests are carried out
using sterile conditions {microbial/mammalian cell tests). In these cases sterile filtration of the
test samples are required. Water samples should not be autoclaved for sterilization, because
the chemical composition of the water will be changed. Some tests might require filiration of
samples because particulate matter interferes with measurements [e.g. aplical density (OD)
determination in enzyme tests).

Test organisms are sensitive to extreme pH's, low oxygen levels and chlorine. lt is, therefore,
important to measure these determinands at the time of sampling or alternatively when the
sample is delivered. Usually, tests are carried out on water/efiluent without correction of pH

or oxygen. However, If it is the objective of the study to establish the contribution of pH/low

oxygen, tests could be carried out on the samples as received and after adjustment. Waters
containing chlorine should be neutralized by means of thiosuiphate. When tests are
conducted on drinking water the raw source, rather than the chiorinated water, should be
sampled because neutralization is not always successful. The chlorinated water should be
tested when mutagenicity tesis are conducted on drinking water.

2.5 Test results

When single samples are tested (screening test) resulis are expressed in terms of a
percentage effect, calculated in relation to the control test. In the case of effluents and

‘chemicals, a range of test solutions are tested. This information can be used to calculate

sffective concentrations, e.g. LCgy's or ECg's.

The sensitivity of toxicity tests depends in part on the number of replicates per concentration,
the probability level selected and the statistical procedure used. The sensitivity of the test will
increase as the number of repiicaies is increased. The minimum recommended number of
replicates depends on the objectives of a test and the siatistical procedures used.

Controls are the basis on which-toxic effects are determined.. Therefore, organisms/material
in control tests should not exhibit any significant responses.

Reference chemicals/toxicants are used to establish the validity of toxicity data generated by
toxicity test laboratories. Factors affecting the accuracy of data include the test organism’s
age, condition, sensitivity and test conditions (oxygen, temperature). The EPA (US EPA, 1985;
1981) recommends that if a laboratory does not have its own culturing programme and
obtains organisms in large batches from an outside source, the sensitivity of each batch
should be evaluated before use in toxicity tests, or the reference chemical could be tested
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concurrently with the test. If iaboratories do not conduct tests on a routine basis, and stock
is obtained from an outside source, sensitivity tests could run concurrently with toxicity tests.
Laboratories culturing their own stock should test sensitivity at reguiar intervals [e.g. once &
month (US EPA, 1985, Environment Canada, 1992)).

Results for a reference toxicant are compared with historical test resulis to ideniify whether
they fall within an acceptable range of variability. Resuits that do not fall within the acceptable
range indicate a change in test organism health or genetic sensitivity, a procedural
inconsistency, or a combination of these faciors. A reference toxicant can, therefore, be used
to confirm the acceptability of concurrent test resuits and demonstrate satisfactory laboratory
performance. Chemicals which can be used as reference toxicants include: sodium chlorice,
zinc sulphate, phenol and potassium dichromate (Environment Canada, 1882}, sodium
dodecylsulfate, sodium pentachlorophenate and cadmium chloride (LIS EPA, 1985).

Record keeping is very important. Detailed records should be kept on test species, age, size,
source, date of receipt, culiure maintenance, disease treatment, information on calibration of
equipment, test conditions, and test results.

3. TOXICITY TESTS

The toxicity test procedures which have been found suitable for jocal appiication are briefly
outlined. The acute toxicity tests described include: traditional aquatic toxicity tests (ie. fish
and water flea lethality tests and an algal growth inhibition test), rapid microbial and enzyme
tests {i.e. a protozoan oxygen uptake inhibition test; a bacterial growth inhibition test; and’
urease and acetylcholinesterase enzyme inhibition tests), and a sensitive mammalian cell
cloning efficiency test. The fish and water flea tests are carried out according to standard
procedures. The other tesis have been [ocally developed (Slabbert ef al, 1996a). The
sensitivities of the acute tests are shown in Table 2. The chronic tests include the standard
Ames Salmonella mutagenicity test and a locally developed toad embryo teratogenicity test.

Several standard methods for fish, water fiea and algal tests exist (Slabbert ef al, 1996a)
which could be used for local application. New developments are also regulariy published.
Should new tests become available, such tests could be inciuded into the local battery of
tests. However, an important requirement for alternative/new tests is that they should be
properly validated to ensure reliable data.

34 Fish lethality test

The fish test utilizes the guppy (Poecilia reticulaid). This is an exofic fish, imported from the
East or from Brazil. This fish is relatively easy to breed and maintain in the laboratory and its
sensitivity compares well with those of other test fish species. The guppy is also used by
some European countries and Brazil for toxicily testing.

Comment

ldeally, fish toxicity tests should be carried out with an indlgenous species.
This will, however, tequire an extansive evaluation to establish sensitivities I
and suitabllity for laboratory culturing.
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TABLE 2:  Sensitivities of bioassays to a number of toxic chemicals
Flah Isthality leat’ Waler fiea Prolozoan Algal growih Bactesial growth Urease enryme Acelylcholin- AGM mnmmnllnn;l-l
{ethality test! oxygen uptake Inhibition test inhlbition test® lest’ esterasa enzyme call teat®
agsay’ teal?
98-h LC,, 48-h LC,, Minimum 48-h EC,, {mp/§ e&-h EC,, Concenlration 1S-min EC,, Survivel sl
Chamlcal (male imgi$ Inhibitlng (mg/a Inhibiting 0,5 frare concenlrsllon
concentralion _ mgimtenzyme chemical (mg/§{in
(mg/y BO-11 meditm (mg/ parenthasle) (%)
Aldicarb - 180
“ Azinphosmedthyl 5
Cadmium 1,85 0218 10 0,078 0,08 10,0 5,8 {0,065)
Carbofuran - 0,049
“ Cobal - 10,0
Capper 05 0,021 0.5 a.ua1 0,1 1,0 30,2 (0,025}
I Cyankisn 0,13 0,014 0,382 0,018
Domelon-S-mathyl - an
l Leag 2083 =100 37,7 (0.3
Matalhlon - - 24
IJ Manganesa - - >3 -
Mareury 0.2 0,004 a5 06,302 0,025-0,05 4,05 5¢.0 {0,005)
Mickel . - 1.0
Phannt 150 800 >100 15,4 32,4 10,5
Pteporyr 20,0
Siver 0,002 0,1 . .
Zn: - 05 0015 0,15 50 - . H
L —— = _— ——— e — === = e —
! Morgan (1982) 5 Slabbert (1986) _
2 Einabarawy et al (1985) & Metelerkamp (1986)
3 Slabbert and Morgan (1982) ! Venter (1991)
4 Slabbert and Hilner (1990) e Kfir (1981}
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Guppies can be obtained from pet shops to start a laboratory culture. Aliernatively, young
fish for testing can be obtained from fish farms. It is important to make use of a known
source to ensure that animals are disease free. When new stock is obtained fish shouid be
kept separate from the existing stock to avoid the possible spread of disease.

fish are maintained in dechlorinated tap water in glass containers, using continuous aeration,
Temperature and light requirements are given in Table 3. Specific instructions for guppy
culiuring can be obtained from books on tropical fish (Wainwrite, 1983; Axelrod and Schultz,
1990), while general guidelines on fish culturing and maintenance can be obtained from the
US EPA test methodologies (US EPA, 1985; 1991).

The toxicity test is carried out according to standard procedures {US EPA, 1985). The
recommended test conditions for the fish test are summarized in Table 3.

TABLE 3: Fish bioassay test conditions’

—— — . —— e — —— |
Water temperature’ 23z 2°0
Light quality® Daylight
Photoperiod S - 14 h dayiight (depending on season)
Oxygen concerntration As obtained (>40% of saturation)
pH | As obtained
Feeding regime No feod
Age of fish 2-3 weeks®
Size of test container 500 m¢
Volume of test sample® asom¢
Number of fishfvessel 5
Number of replicate vessels 2
Total number of fishftest! 10
Control/dilution water Standard control water®
Test duration 86 h
Effect measured Lethality
Detection limit 10%
Test acceptabiiity Control jethality <10% I

Optimum termnperature (Axetrod and Schultz, 1990)

Artificial light, set at the desired photoperiod can be used

A smaller volume can be used (e.g. 250 my), provided that fish are not stressed

A better reproduclbility is possible if more fish, 8.9, 20, are used per test

When young test fish are abtained from an outside source, large losses can occur due to stress, Fish
3-6 weeks old can be used when fish are not cultured In the test laboratory. The age of the fish should,
however, be reported in studles

e Moderately hard reconstituted waler (US EPA, 1985) (Table 1). Young fish should be acclimatized to this
water before use in toxicity tests

[T T T T VR

d

Shortcomings:

1 * Maintenance and breeding is very time-consuming

* A very large stock is required 1o ensure enough fish for routine use

" * Fungal diseases occur from time to time rendering fish unfit for use/breeding

Toxicity Tests 7
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3.2 Water flea lethality test

The recommended test species is Daphnia pulex. According to literature this test species is
maore sensitive than other Daphnia species (Elnabawary et al., 1986). The organism has been
iocally isolated and identified by a taxonomist {(Figure 1). A culture can be obtained from the
Division of Water Technoiogy (DWT), CSIR, Pretoria.

Culturing and testing is carried out according to US EPA procedures (US EPA, 1985; 1891).
Stock cultures are maintained in glass beakers in moderately hard water (Table 1), without
aeration. Daphnia are fed every second day, using a food suspension prepared from trout
pellets, affaffa and yeast (US EPA, 1985). Aigae can also be used (USEPA, 1985) for feeding.
Stock is subcultured at weekly intervals to control organism numbers in containers. [About
30 adults per 3 ¢ container will avoid overcrowding during a one week growth period (US
EPA, 1985)]. Detailed information on organism distribution, life cycle, morphology and
taxorniomy, and culturing can be obtained from literature {US EPA, 1985; 1891).

r Comments “

* In order 1o ensure a healthy and homogenaeous culture (only
{emales) carefui maintenance s essantial. A proper fasding i
regime should be followed and containers should nol be

‘* overcrowded.

- When a culture is stressed (high population densities,

q accumulation of excretory products, 100 much/little food) the
culture is no longer homogeneous. Males and femaiss will “
be present and ephippla (sexual eggs) will form. Daphnia
ll usea for toxicity tests should nat be taken from cultures

containing ephippia ll

Young organisms (juveniles), 24 h or less in age, are used for toxicity testing. In order to
obtain the necessary number of young for a test, adult females bearing embryos in their brood
pouches are removed from the stock cultures 24 h preceding the initiation of a test, and
placed in 100 mt beakers containing 50 mi of moderately hard water and jood suspension,
Test conditions are summarized in Table 4. Test organisms are transferred to a smali
intermediary hoiding beaker and from there to the test beakers.

Advantages:

* Maintenance is relatively easy and simpls

> ldeal for routine use as they grow rapidly and produce targe numbers of
offspring

* Shows a high sensitivity to a wide range of chemicals {(organic and inorganic),
rendering water flea very suitable for the protection of aquatic life and human
health

Toxicity Tests 8
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FIGURE 1: Daphnia pulex (Maximum length: 39 mm)
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TABLE 4: Water flea bioasg.ay test conditions’

Water temperature? 20+ 1°C
{ight quality® Daylight
Photoperiod g - 14 h daylight (depending on season}
Oxygen concentration As obtained (>40% of saturation)
pH As obtained
Feeding regime No food
Size of test beaker 50 m¢
Volume of test sample 25 me
Number of organisms/beaker 5
" Number of replicate cortainers 4
Total number of organisms/test 20
Control/dilution water Standard caontrol water®
Test duration 48 h
Effect measurad Lethaiity {no movement of body or
appendages on gentle prodding)
Detection limit 10%
Test acceptability Control lethality <10%

! Optimum temperature (US EPA, 1985)
Artificial light, set at a deslred photoperlod can ba used
Moderately hard reconstituted water (US EPA, 1985) (Tabla 1)

[

3.3  Algal growth inhihition test

The algal growth inhibition test (Slabbert and Hilner, 1980} is a modification of the standard
algal flask test described by the US EPA (1978). Instead of using flasks, iests are carried out
in 24-well tissue culture plates. The test has been miniaturized to enable rapid handling and
processing of samples, to reduce incubation space and to eliminate washing of glassware.
A miniaturized technique has also been developed in Canada (Blaise ef al, 1886), which has
become one of their recommended tests (Environment Canada, 1992). In general, a good
agreement has been found between the sensitivity of the miniaturized tests and the standard
flask test (Slabbert ef al, 1996a).

The unicellular alga Sefenastrum capricornutum is used as test organism. This alga has been
proven to be more sensitive than other algal species {e.g. Scenedesmus and Chiorella)
(Slabbert and Hilner, 1980). The algal culture was obtained from the Environmental Protection
Service, Environment Canada {originally obtained from the US Environmental Protection
Agency, Corvallis, Oregon). Cultures for local use are available from the DWT,

The alga is axenically maintained in Erlenmeyer flasks according 1o standard procedures (US
EPA, 1978). Twenty percent algal salution to flask volume ratios are recommended to avoid
growth inhibition due to carbon dioxide limitation. Culturing is carried out at constant
temperature (26 + 1°C) without shaking (swirled by hand, twice a day), using continuous
illumination {cool white fluorescent light: approximately 95 #E/m?/s). Algae are subcultured
at weekly intervals to have a constant supply of logarithmic growth phase cells for bioassaying
(e.g. 1 to 2 m¢ cell suspension/s0 mi medium in a 250 me fiask).

A modified 10% BG-11 medium (Rippka et al, 1979) has been found 1o be the most suitable
for culture maintenance and toxicity testing (Slabbert and Hilner, 1980; Slabbert et al,
1996a,b}. One litre of growth medium is prepared by adding 1 m¢? of a range of stock
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solutions {Table 5} (10 mt of NaNQ,) to deionized water. The medium is sterilized by means
of membrane filtration (pore size: 0,22 um). A 20-times concentrate of the growth medium,
which is used for toxicity testing, is prepared by adding 1 m¢ stock solution (10 mé¢ of NaNQ,)
per 50 m¢ deionized water, followed by filter steriiization.

TABLE 5: Composition of modified 10% BG-11 medium’
" Volume (m§) 10% BG-11
Stock solution of stack nutrient
- Stock solution ~{-.- -Reagent.. . |.concentration ]| . solution .concentration
{a/n added per (mg/g?
h litre of water
A GaCl,2H,0 36 i as
B NaNQ, 15,0 10 150,0 ‘"
Macro-
Autrients c KHPO, 4.0 1 40
D MgS0,.7H.0 7.5 1 7.5
E NaHCO, 2.0 1 2,0 ):
H,80, 0,286 0,286
MnCil,. 46,0 0,181 0,181
CuS0,5H,0 0,0079 0,0079
F ZnS0,7TH,0 0,0222 i 0,0222
Micro-nutrients Co{NGO,}..6H,0 0,00484 0,00494
Fe{NH,)-tltrate 0,6 06 !
Na;Mo0,,2H.0 0,039 0,039
Citric acid 0.6 0,6
G Na,EDTA.2H,0 0,1 1 0,1
_—_____—ﬂm%l

' Rippka &t al (1879)
2 pH 7.2
Deionized water used for the preparation of sotutions

Toxicity tests are carried out in sterile 24-well tissue culiure plates (well volume: 3,5 my
(Slabbert and Hilner, 1890), When single samples are tested (screening test), each sample
is distributed into a row of six wells per plate. One row of wells per plate receives the control
sample. In case of definitive testing (e.g. testing dilutions of an effluent), a row of four wells
per plate is used per sample/control. 1,8 m¢ of sterile sample/controlis distributed into wells,
using a micropipette. Water/effluent samples are sterilized by means of membrane filtration
(pore size: 0,22 ym) and the control {deionized water) is autoclaved.

Algal cuitures 4 to 6 days old are used for ioxicity testing. 24 h before testing, the algae in
flasks are allowed to setile {no agitation). On the day of testing the algal inoculum is prepared
by removing the supernatant medium by means of a sterile pasteur pipette and vacuum
pump. The cells are suspended in iresh culture medium (same volume as before) and the
cell concentration determined by means of a hasmacytometer and microscope.

Toxicity Tests 11
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The cell suspension is then dilited with fresh medium to a concentration of 4x10° ceils/mt.
This suspension is added at a ratio of 1:1 {volume determined by number of wells 1o be
inoculated) to a 20-times concentrate of the cufture medium and used as 200 ¢ volumes for
inoculation of the 1,8 me sample in test/control wells (20-fold dilution in cell number and
medium conceniration). The final cell concentration at the start of a test is 2x10° cells/m¢ (OD:
0,005 to 0,012 at 450 nm in microplate reader, using a volume of 280 yt per well). One weli
of each row of wells receives medium only (200 ut of a 1:1 dilution of fresh medium and the
20-times concentrated medium). These solutions are used as blanks during OD
determinations.

Tissue culture plates are then covered with lids and sealed with parafilm strips along edge of
lids. Incubation is carried out at 25 = 1°C for 48 to 72 h {no agitation), using continuous
lumination (cool white fluorescent light: approximately 95 uE/m?s). At the end of the
incubation periad the contents of each well is thoroughly mixed with a micropipette. 280 u¢
voiumes (duplicate volumes from test/control wells) are then transierred to 96-well flat-
bottomed microplates for OD determination on a microplate reader at 450 nm.

Test acceptability

The OD of the controls should be 0,15 +
0,03 at the end of the incubation period
and the variation between replicate control
tests (CV) <10%

— —— ——— —— ———— L — — — _—_— ____— ___—— _ —__——

Factors influencing growth: l

* Light plays an important role in test reproducibility. it has been found that
growth varies largely from one position to another under the light It is,

| therefore, important 1o position lights in such a way to have the best dispersion

of fight (white backgrounds are recommended). The use of the 24-well plates

has the advantage that tests and controls are in close proximity, which reduces

| variation, However, it is important to use plates which are opaque around the

margins to avoid a higher growth in the outer wells.

rl

[| = The health of the algal culture is a very important factor influencing the test.
Subcuiiures should be made regularly (at least once a week) o ensure steady
i log phase culturss.

* The medium tends to form a precipitate atier standing for some time. For
optimal growth, all the nutrients should be in solution. Therefore, fresh medium
should be prepared at regular intervals. Solutions should be stored at 4°C to
delay chemical changes.
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Results are expressed as percentage inhibition (or stimulation), calculated as follows:

ODT - 0D,
100% - [—
0DC - OD,

x 100%),

where
ODC = Average optical density of control
QDT = Average optical density of test
0D, = Optical density at time O

inhibition 210% (detection fimit} is an indication of toxic activity.

ll

Comments

- The inaoculum Is 20x larger than that used in the US EPA
methodology. Results are, therefore, available within 2 to 3
days (as compared to 4 to 7 days). The use of this higher
Inosulum did not result in significant changas In sensitivity
(Slabbert and Hilner, 1990}

. The subtraction of the OD at t=0 from final readings allows
for improved sensttivity (Slabbert and Hilner, 1990).

| * The use of a blank test ensures that Increases in 0D dua to
colour/precipitation are noted and subtracted from the actual "
growth readings.

» Most methodologies detarming OD at wavelengths 600 nm.
A wavelength of 450 nm has been selacted for the
I' minlaturized tast because the OD is considarably higher than
at wavelengths >600 {Figure 2). The higher readings are
preferred ta limit variation. Any interfsrences (which have
been found to be minimal) at this lowsr wavelength will be
detactad with the blanks. The Canadian microplate method
(Environment Canada, 1992) also uses a wavsalength of 450
ll nm for QD datermination.

» it appears to be generally agreed that algal toxicity tasts
should be terminated well bafore the growth of control
cutiures becomes severely depressed becauss of limiting
factors and waste products (Nyholm, 1985). The test has
been dasigned in such a way that conrol culiures grow
axponentlally (logarithmic growth phasa) or the whols
duration of the test {Figure 3).

* Cool white fluorescent ilght is the recommendead light source

(standsrd methods). Figure 4 Shows that growth is slower
when, for instance, Grow Lux lighiing is applied.
| P — |
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FIGURE 2: Absorbance of Selenastrum capricornutum at various wavelengths
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FIGURE 3: Growth of Selenastrum capricornutum measured
in terms of optical denisty (a) and numbers (b)
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f— —

Advantages:

* The test is particularly sensitive to heavy metals

Shortcomings:

* In some instances precipitates can form (e.g. waters containing high nutrient
levels and paper mill effiuents) {Pretorius, 1996) which interferes with OD
determination. |n such cases growth can be measured in terms of cell numbers

- (counting)

3.4 Protozoan oxygen uptake inhibition test

The protozoan oxygen uptake test was developed for rapid toxicity screening purposes and
described in detall in a publication by Slabbert and Morgan (1982). This bioassay has the
outstanding feature of providing results within the short period of 10 min, and has been found
invaluable in emergency situations when rapid information on acute toxicity is needed.

The test uiilizes a unicellular protozoan, Telrahymena pyriformis, strain W (Figure 5). The cell
culture was originally obtained from the Rand Afrikaans University, Johannesburg, and is
available from the DWT for use. Cultures are maintained axenically in a brath comprising
10,0 g proteose peptone, 0,5 g yeast extract, 2,5 g glucose and 0,5 g sodium chloride per lire
of deionized water (pH 6,9) (Slabbert and Morgan, 1982). Incubation is carried out at 27 +
1°C inthe dark. lLogarithmic growth phase cells are used for bioassaying. An adequate cell
concentration was obtained every 24 h using a 2% (v/v) inoculum for subculturing.

For bioassaying, cells are suspended in an osmotically bailanced salt solution (Taylor and
Strickland, 1935} using gravity filtration (filter pore size: 8 ym). The final cell concentration
should yield an oxygen uptake rate of 6 - 8%/min (Slabbert and Morgan, 1982). Tesis are
carried out with a biological oxygen monitoring system (Yellow Springs Instrument Co, Yellow
Springs, OH) which includes (Figure 6):

- An electronic unit (A) with meter readout of percentage dissolved oxygen;

- A standard bath assembly (B) consisting of a water bath with airtight test chambers
and a built-in magnetic stirring device; and

- Oxygen probes (B) fitted in lucite plungers provided wiih slanting fronts and access
slots along one side closely sliding into test chambers (Figure 7).

A recorder {D) is connecled io ihe electronic unit to provide graphs of oxygen upiake rate
(chart speed: 2 cm/min). The system as well as cell suspensions are maintained at constant
temperature (27 = 0,5°C) using a constant temperature water circulator (E). Air saturated
deionized water is used to calibrate the apparatus.

Toxicity Tests 17



Water Research Commission Guidelinas for Toxicity Bipassaying

FIGURE 5: Tetrahymena pyriformis (Size: 30 by 50 pm)
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FIGURE 6:

Oxygen uptake monitoring system. (A) Electronic
unit; (B) standard bath assembly; (C) oxygen
probhe; (D) recorder; (E) constant temperature

circulator
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FIGURE 7: Probe, plunger and test chamber
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Comment

A cell suspension should not be used for longer than 2 h to avold stress.
Filtration and testing is carried out under asterile conditions. Clean
glassware and stefile saline/test sampies should be used to avoid
unnecessary contamination.

T o —e——
e ——————— _————

For each test 3 m¢ of the celi suspension is aerated for & min in a test chamber provided with
. a magnetic stirrer {Slabbert and Morgan, 1982; Slabbert, 1988). The oxygen probe is then
inserted into the test chamber and dissolved oxygen is monitored continuously before
{reference), during and after test sample addition, for a total period of approximately 10 min.
Test sampies (3 mg) (filtered through a 0,22 ym membrane) are introduced after a monitoring
period of beiween 3 and 4 min. Deionized water is used for control iesting. Each test and
control is carried out in tripiicate. Results are determined as a ratio of the oxygen uptake rate
after sample addition (test slope) to that prior to sample addition (reference slope) (Figure 8)
(Slabbert, 1988). Effects are expressed as percentage inhibition (or stimuiation}, calculated
in relation to control tests, Inhibition x5% (detection limit} is an indication of toxic activity.

Test acceptability

The reference slope of the contro! should
be befween 6 and 8%/min, and the ratio of
the oxygen uptake after sample addition to
that prior to sample addition 0,49 £ 0,02,
The variation between replicate conirol tests
(CV) should be <5%

Advantages:

* The test provides results in a short period of time and is highly reproducible.
Because of the good reproductbility (CV: «<5%) single tests {no replication) are
adeguate in emergency situations

Shortcomings:

* The test is very time consuming and not recommended for routine tesiing as
only one test can be carried out at a time

3.5 Bacterial growth inhibition test

Pseudomonas putida strain Berlin 33/2 is used as test bacterium. The organism has been
obtained from Prof H Stolp, Deutsche Sammiung von Mikroorganismen, Teilsammiung,
Bayrsuth. Cultures for jocal use are available from the DWT laboratories. Stock cultures are
made on nuirient agar siants in McCartney bottles. Cultures are kept at 4°C, after incubation

at 27 =+ 1°C for 18 h.
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FIGURE 8: Typical graphs obtained for Tetrahymena
pyriformis oxygen uptake
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Toxicity tests are carried out in 25 m¢ minimal medium [1,05 g K,HPQ,, 0,45 g KH,PO,, 0,047
o Na,-citrate.2H,0, 0,1 g (NH,),S0,,, 0,01 g MgS0,.7H,0 and 0,25 g glucose per litre of
deionized water (pH: 7,15)] in 50 m¢ medical flats {Slabberi, 1986; 1988). A culture of P,
putida, grown overnight in minimal medium, is dijuted with fresh minimal medium to an OD of
approximately 0,8, 30 min before inoculation of test samples (Siabbert, 1986). OD
measurements are carried out spectrophotometrically at 600 nm using a 4 cm flow-cell. The
celt suspension is added at a ratio of 1:4 to a 12,5-times concentrate of the minimal medium,
and used as 2,5 m¢ voiumes for inoculation of 22,5 m¢ test samples (filter sterilized using a
0,22 ym membrane filter). Solutions containing sample and medium only are prepared to
blank the spectrophotometer. All preparations are carried out at a constant temperature
(20£1°C). Each test and control is carried out in five-fold. "Sterile (autoclaved) deionized
water is used for control testing. Cultures are incubated at 27 + 1°C for approximately 6 h
atter which growth is measured in terms of OD. Cells in controis are in the late logarithmic
phase when the test is terminated (Figure ).

Results are expressed as percentage inhibition (or stimulation), determined in relation to
controi results. A growth inhibition of >10% (detection limit) is considered as a toxic effect.

Test acceptability

The control growth should have an OD of
0,4 = 0,05 at the end of the incubation
period and the variation betwesn replicate
control tests {CV) should not exceed 10%

Advantages:

* The test is relatively rapid and can be completed in one day

Shortcomings:
* In some instances precipitates can form (e.g. waters containing high nutrient

levels and paper mill effluents) (Pretorius, 1986) which interferes with the OD
determination. In such cases growth can be measured in terms of cell numbers

using a DNA stain (Stabbert and Hilner, 1991) or colony development using
membrane filtration "

3.6  Urease-enzyme inhibition test ..

The urease enzyme testis specific for the deteciion of heavy metals (Metelerkamp, 1986). The
test is carried out in microplates which allows for field testing. Microplates also allows for
quantitative data calculation using a micropiate reader at 450 nm. The test is rapid, providing
results within 1 h. The enzyme reaction is as follows:

NH, - CO - NH, {urea) + H,0 (water) ~> CO, (carbon dioxide) + 2NH, {ammonia)
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The ammonia causes an alkaline pH, resulting in a pink colour in the presence of the pH
indicator phenolphthalein. When heavy metals are present, the above mentioned reaction is
inhibited and the mixture remains colourless.

Urease type 3, isolated from Jack Beans, is used (33 000 units/g solid). This can be
purchased from chemical suppiiers. Three enzyme concentrations (0,5; 1,0; and 2,0 mg/mi)
are used to detect different levels of heavy metal poliution (Metelerkamp, 1986). The test has
been found to be the most sensitive at the 0,5 mg/mt enzyme concentration. The test has
been designed to detect metals at the recommended Kmit for drinking water at this
concentiration (Kempster and Smith, 1985). The other concentrations detect metals at the
maximum allowable and crisis limits.

Tests are carried out in 96-well microplates. Samples {fitered 1o remove particulate matter)
are added in 160 e volumes to 40 it enzyme (prepared in buffer; pH: 7,7). An exposure
period of 30 min at 25 + 1°C is allowed after which 40 ¢ of substrate (urea) is added. After
a 15 min enzyme-subsirate interaction period, phenolphthalein {40 u¢) is added. Enzyme
activity is measured immediately with a microplate reader at 450 nm. Each test and control
is carried out in tripficate. Deionized water serves as control. Effects are expressed as
percentage inhibition (or increase), determined in relation to control results, Inhibition >10%
(detection limit) indicates the presence of heavy metals.

(The concentrations of the buffer solution, substrate and phenolphthalein are not given as
commercialization of the test in the form of a test kit is being investigated. Ms J.L. Slabbert,
DWT, Pretoria, can be contacted for information).

Test acceptability

The control OD at the end of the test should be within the following limits:
0,5 mg/mt enzyme - 0,06 + 0,02
1,0 mg/m¢ enzyme - 0,075 + 0,02
2,0 mg/m¢ enzyme - 0,085 = 0,02 I

The variation (CV) of controls should be <10%.

“ Comment

A visual observation in addition ta the OD measurement is required. This is
necessary to assure that high OD readings ara not due to chemical
interaction (e g precipitation). In the absence of a microplate reader effects
\I can be established qualitatively by colour observation and reported as
follows:

Total inhibition; colouriass +++

Moderate inhlbition: very light pink ++
Slight inhibition; light pink +
No inhibition: pink -
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Advantages:

* The test is rapid and a large number of samples can be tested simuitanecusly
* Because of its selectivity, a positive result usually indicates the presence of
heavy metals

Shoricomings:

* Chemical interaction can occur betwestT water/effluent samples-and-the enzyme
preparations {density changes), which couid intertere with OD determinations.
in such instances results should be reported in terms of the colour development
(see comment)

3.7 Acetylcholinesterase enzyme inhibition test

Acsetyicholinesterase is an enzyme involved in the transmission of nerve impuises. This
enzyme is selectively inhibited by organophosphates (direct or latent inhibitors) and
carbamates (direct inhibitors) (Venter, 1980). Direct inhibition means that no change is
required in the chemical structure of the compound 1o act as an inhibitor. The latent inhibitors
are activated in vivo by the oxidation of the thio-groups (-P=3S) to oxon-groups (-P=0) to
become direct inhibitors. The acethylcholinesterase enzyme (isolated from the electriceel) can’
be obtained from chemical suppliers. The enzyme reaction is as follows:

Enzyme
Acetylthiocholing -—--~ --> thiocholine + acetic acid

Thiocholine + Ellman’s Reagent {2,2'-dinitro-5-5'-dithiodibenzoic acid} —--—--—>
Thiocholine-2-nitro-5-thiobenzoic acid + 2-nitro-5-thiobenzoic acid

The reaction rate can be measured in terms of OD at 405 with a spectrophotometer;

For each test, 1,9 m¢ of test sampie (filtered to remove particulate matter), 200 ut of
potassium phosphate buifer (0,5 M), and 100 u¢ of enzyme solufion [200 g enzyme (i
enzyme unit)/me 0,05 M potassium phosphate bufier) are added consecutively to a cuvette,
mixed and kept at 37 = 0,5°C {Venter, 1990}). After an incubation period of 15 min, 100 u¢
of Eliman's reagent (10 mM) is added to the reaction mixturs, followed by 100 u¢ of substrate
{30 mM S-acetylthiocholiniodide). -+ Atter a further incubation period of.1 min, the enzyme
reaction rate is monitored by recording the OD of the mixtures (measured at 28 sec intervals)
for a 2 min period.

When samples are suspected to contain latent inhibitors, a test is also conducted after
oxidation of the sample, i1 vitro oxidation is carried out by adding 501¢ N-bromosuccinimide
(NBSI) (0,2 g/0) to 1.9 metest sample. The sample is stirred for 20 min at room temperature
after which the excess NBS) is reduced with 50 pt ascorbic acid (0,8 g/1).
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Each test and control is carried out in triplicate. Deionized water is used as control (deionized
water plus NBSI when sample is oxidized). The enzyme reaction rate (slope) is used to
calculate results. Results are expressed as percentage inhibition/stimulation, calculated in
relation to control tesis. Inhibition 210% (detection limit) indicates the presence of pesticides.

Test acceptability

l The control OD at the end of the test should be
* within the following limits: 0,250 = 0,05

The variation (CV) between replicate control tests

i! shouid be <10%

1 Advantages:

|
l

* The test is rapld and sensitive to a range of pesticides
i
.1 * Because of its selectivity, a positive result usually indicates the presence of |
pesticides

Shortcomings:

h _

| * Chemical interaction can occur between water/effiuent samples and the enzyme
preparations (density changes), which could interfare with OD determinations.
In such instances, results should be reported in terms of the colour

development
* The test is time consuming as only a few tests can be carried out
| simuitaneously
|
* The sensitivity of the test can be improved by concentration of samples. This I

renders the test no longer rapid
i’—mmw

3.8 Mammalian cell cloning efficiency test

This test has been developed primarily for drinking water toxicity testing (Kfir, 1981), and has
proven to be highly sensitive to various chemicals (Table 2). The use of Buffaio Green
monkey (BGM) kidney-cells is recommended because of its. high sensitivity . (Kfir, 1981;
Slabbert et al, 1994a). The cell line can be obtained from Highveld Biclogical (Pty) Lid, P O
Box 488, Kelvin.

Cells are cultured in Dulbecco's modified Eagle medium (DME) with 10% foetal calf serum
(FCS). Cultures are maintained in 250 m¢ flasks at 36 = 1°C in a humidified incubator
supplied with a constant flow of 7% carbon dioxide in air. Before reaching the confiuent stage,
cells are rypsinized and subcuitured in fresh medium in culiure flasks {Kfir, 1981). At this
growth stage cells are also used for toxicity tests.
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Toxicity tests are carried out in 6-piate culture dishes (diameter: 35 mm). Two hundred celis
are seeded per plate in 4 m¢ medium. After approximately 18 h incubation at 36 + 1°C, the
medium is removed from each plate and replaced with fresh medium prepared with test
samples (1,36 g DME, 0,37 g NaHCO, and 0,5 m¢ antibiotic-antimycotic per 100 me water).
The medium is decontaminated by filtration through a 0,22 ym membrane filter {fitted on a
syringe). Control media are prepared in a similar way using deionized water. Each test and
control is carried out in six-fold. Plates are incubated for a further 7 days. At the end of the
incubation period the medium is removed. The plates are washed with phosphate buffer
solution (PBS) and colonies are fixed with methanol and stained with Giemsa stain (Kfir, 1981).
Colonies of cells are counted under a dissection microscope at a magnification of 25x.
Results are expressed as percentage colony formation inhibition caiculated according 1o the
following formula:

Average number of colonies on treated plates
100% - [ x 100%]
Average number of colonies on control plates

An inhibition 215% (detection limit) indicates toxic activity.

Test acceptability

The controi plates should contain 100 + 30
colonies [cloning efficiency {(number of cells
seeded/number of colonies developing x 100%): 50
+ 15%). The variation (CV) between replicate
conitrols should be <15%

—_——— — _—

Advantages:

* The test is very sensitive and idea! for human health protection

Shortcomings:

* The test is time consuming and only suitable for use in specialized tissue culture
laboratories

e T

3.9 Ames Salmonella mutagenicity test

The Ames test is carried out according to US EPA (1983; 1985a) standard procedures using
Salmonelia typhimurium tester strains, TAS8 and TA100. TASS detects frame shift mutagens,
whilst TA100 detects base-pair substitution mutagens. The cultures were originally obtained
from Dr Bruce Ames (USA), the developer of the test. Stock cultures for local use can be
obtained from the DWT or ordered from the US EPA.
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Tests are carried out using a standard plate incorporation assay (US EPA, 1983; 1985a). In
this test 100 ¢ of concentrated test sample is introduced into the top-agar {2 m¢ which is
poured onio nutrient agar plates. Tests are carried out with and without S9 liver preparation
(used for metabolic activation of chemicals which would otherwise be non-mutagenic). Water
(20 §) is concentrated by means of XAD-7 resin extraction following standard procedures (US
EPA, 19853}, The extracted organic material is dissclved in acetone to a final volume of
10 me (after plate incorporation sample is 100x concentrated). Plates are incubated at 37 +
1°C for 72 h whereafter the number of revertant colonies on plates are counted (Figure 10).
Triplicate plates are used for each tester strain, with and without S9. Deionized water is used
as standard control, while acetone is included as additional control. Resuits are expressed
as mutation ratios, calculated as follows:

Number of mutanis on test plates

Mutation ratio (MR} = [
Number of mutants on contro! plates

A MR 22,0 is considered to be a positive result.

Paositive controls should be included in each set of tests to confirm the reversion properties
and specificity of each strain and the efficacy of the 59 mix. Sterility controls are also carried
out routinely (e.g. for the 59 mix) (Maron and Ames, 1983).

Test acceptability

The controi plates should contain between

20 and 50 colonies in the case of TAS8 and

between 100 and 250 colonies in the case
of TA100

The solvent controls should not be toxic,
positive controls should show an
appropriate response, and sterility controls

should be negative u
IT Advaniages:
* 90% of all known carcinogens are also mutagens. The test has, therefore, been found

to be a very useful means to protect human health against potential carcinogens

Shortcomings:

* The test is very time consuming and the reagents are expensive
* Concentration of water is time consuming
* The test does not detect metal containing mutagens |
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FIGURE 10: Control plates showing spontaneous revertant colonies in the Ames test.
(1a) TA98-S9; (1b) TA98+S9; (2a) TA100-S9; (2b) TA100+S9
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Comments

* Other extraction procedures and solvents (e.g. DMSQ) can
be used. Extraction (of organic poliutants) Is particularly
important when samples contain high nutrient/inorganic levels
(eg. surface water and effluents). Such samples could form
precipitates with medium or be toxic.

* Drinking water can be concentrated by means of flash
gvaparation (2 and 4x concentrated). The water can then be
tested by means of a medified plate Incorporation test, using
the water samples {directly, and 2 and 4x concantrated) to
prepara the nutrient agar plates (Kfir &f al, 1982). However,
the agar praparations are autoclaved to sterilize which could
change the chemical composition/structuras,

* [ndustrial effluents could be tested directly without
concentralion.

> The acceptable ranges of spontaneous reversion may be
somewhat diffarent in different labarataries, but they should
be relatively consistent within a laboratory.

3.10 Toad embryo teratogenicity test

The African clawed toad, Xenopus laevis, is used as test animal. Toads can be obtained from
African Xenopus Facility, P O Box 118, Noordhoek. The toads are maintained at 23 + 2°C
in plastic helding tanks in dechlorinated tap water, without aeration. Minced liver is used for
feeding (lwice a week). Detailed information on culturing can be obtained from the iiterature
(Wu and Gerhart, 1891). ‘

Three days before testing, three pairs of toads are given a primer injection (100 w8 of Human

Chorionic Gonadotrophin (HGC) to stimulate fertility (Genthe and Edge, 1988}, Pairs are

placed in spawning tanks in dechiorinated tap water. Fourty eight hours later toads receive
a HGC booster injection (females: 300 u¢, males: 100 uf). After fertilization, eggs are
removed from the spawning tanks and transferred to 500 m¢ glass containers with 200 m¢
test sample. Duplicate containers are used, each containing 50 eggs. If eggs from different
pairs of toads are used, these should be mixed before use, or alternatively each batch of eggs
should have its own control test. Tests are carried out at 23 = 2 °C. Moderately hard water
{Table 1) is used for control testing. After 48 h exposure the developing embryos are counted
and examined under a dissection microscope for abnormalities, Features examined for
malformation include embryo development (size and length), pigmentation, head shape, and
form of spines and tails (Figure 11).

Comment

Eggs are often produced after the primer infection. If the eggs have been
fartilized they can be used In tests.
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FIGURE 11: Toad embryo teratogenicity
defarmities

test - typical spinal

Toxicity Tests 32



Water Rasearch Commission Guidslines for Toxicity Bioassaying

Test embryos are compared to control embryos. Results are expressed in terms of
percentage deformation and iethality. Deformation >20% and lethality >10% (detection fimits)
are considered as positive results.

—ee

Test acceptabili

Controls shouid have a >80% hatching 'i

rate. Conirol deformation should be <20%

rl
!

Advantages:

* Maintenance of animais is simple and easy

* Alithough hormone treatment is used to enhance fertility, problems are
experienced in winter months {May to August) with the production of eggs

_.—_=

4, DATA ANALYSIS

The most convenient way to establish whether or not a sample is toxic, is 10 apply detection
limits. The recommended detection limits for each of the biological toxicity tests have been
given in Section 3. The detection limits given for the fish, water flea and mutagenicity tests are
specified in the standard methodologies, while those of the locally developed tests were
selected on the basis of the reproducibility of the tests (Slabbert ef al, 1996a). The
reproducibility of the microbial, enzyme and mammalian cell tests was established by
calculating the coefficient of variation (CV) of the cantrols of each set of tests. In the case of
the toad embryo teratogenicity test the reproducibility was established by calculating the
averages and standard deviations of the controis of different sets of tests.

As alternative to detection limits, Siudent's t-test (Clarke, 1968) can be applied to estabiish
whether or not test results are significantly difierent from conirol results (P = 0,05).

When definitive tests (effluents and chemicals) are carried out, effective concentrations are
derived from the data by means of statistical analysis (linear regression) using dose-response
curves (% effect versus log concentration) (Slabbert, 1996). Endpoints which can be
calculated are LC,4's, EC,y's, LCg's and ECyy's. The minimum efiect level (e.g. LC,;) depends
on the selected detection limit of a test.

5. REFERENCE CHEMICALS

The following reference chemicals are recommended for use: cadmium chioride and
pentachlorophenoi (representative for inorganic and organic substances) for fish, water flea,
protozoan, algal, P. putida, and mammalian cell tests; cadmium for the urease test;
carbojuran (un-oxidized samples) and malathion (oxidized samples) for the
acetylchaoiingsterase test; methyl viologen with the toad embryo test; and 2-aminc-anthracene
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% Lethality or inhibition

No resulty

TABLE 6: Effect of pentachlorophenol and cadmium on test systems
Urease enzyme test Mammaltan
Fish test Water flea Protozoan Algal test Bacterial cell BGM
Chemical (96 h) test test test 0,5 mg/m! | 1,0 mg/m! | 2,0 mg/m? test
' (48 h)
“ Tast concen-
tration 0.1 1,0 10 10 50 . . - 20
{mal
I‘ Penta. NumbEF Of 4 1 1 4 13 - - - 5
chlara- tests
phenol Avorage 50 96 82 24 74 - - - Mm b
i offect®
L
Efisct' range 20-80 65-100 - 2-48 50-93 - - 63-100
Test concen-
tralion 1,0 1,0 10 1,0 10 10 10 10 1.0
{moly
Wumber of 4 10 1 5 13 25 25 25 8
Cadmium tosls
Average 55 100 23 95 64 77 655 1 72
effoct’
Effect’ range 40-80 - - 80-100 3294 37-98 2B-80 +15.47 4694
— — —— —— e — — —
1
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TABLE 7: Effect of reference chemicals on the acelylcholinesterase and toad embryo test
Meihyl viologen Carbofuran Matathlon ﬂ
Bloassa Tast Number | Average | Effect’ Test Number | Average Effect’ Teast Number | Average Eftect’
u ¥ eoncen- of tests effect! fange concen- of tesls elfect’ range concen- of leals elfect’ range
fration tratlon Tration
{mg/8 {rarh ra/h
Acelylchalinesterase test - - - - 2 9 35 21-595 50 8 28 B2.93
| Lethality 1,0 T 17 0-61 - - - - - - - -
Toad
embryo o1 7 1 o7 - - - - - . .
te
st Defor- 1,0 7 47 25.87 - - - - - - - - .
matian
o1 7 19 10-43 - - - - . - “

L

% Lethality/inhibition/deformation

No results
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(2AA) (tested with TASE+58 controls) and sodium azide (tested with TA100) for the Ames test
using spot testing.

The Ames test should include the reference chemicais {also called positive conirols) each time
a test is conducted (see Section 3.9). When tests are not used on a regular basis {routine
testing) one reference chemical concentration (Tables 6 and 7) can be included in every test.
However, the error and variability assaciated with data analysis when single samples are
tested is usually large. Therefore, definitive testing using a series of concentrations (e.g. 5to
B) is recommended to establish effective concentrations. The obtained values should be
compared over time fo establish variation (CV) (intra-laboratory precision). Following
international recommendations each of the tests used on a regular basis should be tested for
sensitivity and precision once a month (using definitive testing}. Values obtained for a limited
number of tests on fish, water flea and algae are shown in Table 8,

Stock solutions of the reference chemicals should be prepared monthly and stored at 4°Cto
avoid changes in composition.

It the same test organisms and protocol is followed by a number of laboratories standard

reference chemical preparations could be provided to each laboratory to establish inter-
laboratory precision. Such steps will enhance quality assurance practices.

TABLE 8: Sensitivity of fish, water flea and algae to cadmium and pentachloro-

phenol’®
Chemical Criterium 96-h Fisit 48-h Water fiea Algal growth
lethality fest lethality test inhibition test?
LG\, OF ECyf® 0,024 0,15 0,043 '
{mglt) (0,018-0,032) {0,13-0,17) {0,03-0,055)
Cadrmium LCy, OF LCy* 0,08 023 0,154
{ma/t) (0,047-0,103) (0,17-0,29) {0,099-0,209)
R® 0,9707-0,9965 0,9448.1,0 0,9510-0,9624
i
Test concentration G,016-1.0 0,03-0,5 0.016-0,5
range (mg/t)
LC, or EC, 0,20 0,19 33
(mg/t) {0,36-0,288) {2,07-4,53)
I pCP LCy, OF LCy* 0,349 0,44 7,78 “
(mgtt) (0,192-0,50) (5,46-10,1)
hl R* 0,9600-1,0 0,9608 0,9887-0,2997
. 1
Test concentration 0.mé-1,0 0,03-1,0 3,1-50,0
“ range {mg/e) ]i
— — — — —— — —— — — —

Given as an average value and the range (in brackets)
Using BG-11 medium

Concertration causing 10% Iethality ar inhibition
Concentration causing 50% lethality of infibition
Correlation coefficiem

According to Slabbart of al. (1996a)

L I N N I e
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6. APPLICATION

Each of the toxicity bioassays described in this document has been developed/established
to fulfil a particular need in the field of water testing. The fish, water flea and algal tests are
primarily used to protect the aquatic environment and to some extentto predict environmental
impacts, The rapid microbial and enzyme tests are invaiuable in emergency situations when
rapid answers on acute effects and impacts are needed. The highly sensitive mammaiian cell
culture test, and the Ames and toad embryo tests are aimed at human health protection.

Each toxicity test has its own sensitivity pattern, depending on the test organism and
parameter used, and variables such as the complexity of the growth media or suspending
fluids, exposure periods, and statistical interpretation. Since there is no single test which can
satisfy a comprehensive approach aimed at aquatic fife and human health protection, a baitery
approach shouid be followed so that the advantages of some tests can compiement the
limitations of others. A battery of tests may include different rapid tests or tests using
organisms from various levels of the ecosystem. The tests used will depend on the situation
and the objective of the evaluation.

6.1  Drinking water testing

The battery of tests applied for drinking water testing could consist of a fish/water fiea test,
the bacterial growth inhibition test, urease enzyme test, Ames test and toad teratogenicity test
in cases of routine testing. The acetylcholinesterase test can be included ff pesticide
contamination is suspected. The mammalian cell test is too {ime consuming 1o be used for
routine analysis,

6.2 Groundwater testing

Aquatic tests proved to be too sensifive to use to establish possible effects on human
consumers. The most applicable tests for human health protection couid be the fish test,
urease enzyme test, acetyicholinesterase test, the mammalian cell test, and the two chronic
tests.

if the groundwater is used to rear aquatic organisms, fish, water flea, aigal and bacterial tests
‘could be used.

6.3  Surface water testing

When surface water testing is aimed at human health protection, the same tests as mentioned
under drinking water are recommended.

When the study is aimed at environmental protection, tests will be selected to include
organisms from the different jevels-of the aquatic-food chain, namely fish, water flea, algal,
protoczoan, bacterial and toad embryo tests.

6.4  Effluent testing
It was found that fish, water flea and algas are the most applicable to protect aquatic life

against acute toxicity of effiuents (Slabbert ef a/, b}. If the receiving water is used for human
consumption the two chronic tests should also be included.
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6.5 Emergency analysis

In emergency situations where drinking water is tested all the rapid tests, namely the
protozoan oxygen uptake test, urease and acetylcholinesterase enzyme tests, and the
bacterial growth inhibition test are applied (Slabbert, 1989). The fish and water flea tests are
included to confirm the results of rapid tests,

The same tests will be used in case of environmentat pollution, but the algat test will also be
included.
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