


URBAN WATER RESEARCH ASSOCIATION OF AUSTRALIA (UWRAA)

The Association is a Division of the Water Services Association of Australia. UWRAA has
the charter to develop and manage a portfolio of research to support the business plan for the
urban water indusiry developed by the Water Services Association of Australia.

The UWRAA Research Report series presents information resulting from research projects
supported by the Association and is published as a record of the work undertaken and as

a means of disseminating the research findings. The Association also encourages the
presentation of findings by the researchers in professional journals and at conferences.
The Association’s reports are indexed on STREAMLINE, the national water data base.

For further details contact:

Dr John Langford

Executive Director

Water Services Association of Australia

Level 7
469 Latrobe Street Telephone: (03) 9606 0678
Melbourne Vic 3000  Fax: (03) 9606 0376

DISCLAIMER

This research paper is issued by the Water Services Association of Ausiralia Inc. on the understanding that:

L. Water Services Association of Australia Inc. and individual contributors are not responsible for the
results of any action taken on the basis of informaticn in this research paper, nor for any errors or
omissions.

2. The Water Services Association of Australia Inc., and individual contributors disclaim all and any

liability to any person in respect of anything, and the consequences of anything, done or omitted to
be done by a person in reliance upon the whole or any part of this research paper.

3. The research paper does not purport to be a comprehensive statement and analysis of its subject
matter, and if further expert advice is required, the services of a competent professional should be

sought.




Urban Water Research Association of Australia

By-Products Formed in the Destruction of

Algal Toxins by Oxidants such as Chlorine

J Rositano, P M Bond, B C Nicholson

Australian Water Quality Centre

Research Report No 129
October 1997



© Urban Water Research Association of Australia, 1997

ISBN 1 876088 311



FOREWORD

This rcpoft is based on UWRAA Rescarch Project No WS-62 ‘By-Products from the Destruction

of Algal Toxins by Oxidants such as Chlorine’. Organisational responsibilities for the project

were as follows:

Sponsoring Authority : South Australian Water Corporation

Research Agency : Australian Water Quality Centre

Project Officer : Dr Brenton Nicholson, Australian Water Quality Centre
Principal Researchers : Joanna Rositano, Peter Bond, Australian Water Quality Centre

This project was funded by the Urban Water Research Association of Australia and the South

Australian Water Corporation.
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SYNOPSIS

Previous studies carried out at the Australian Water Quality Centre showed that chlorination was
effective in oxidising and thus removing acute toxicity of cyanobacterial peptide hepatotoxins as
determined by HPLC and mouse bicassay. Although acute toxicity was removed, it was not
known whether the by-products from chlorination of the hepatotoxins were capable of producing
subacute toxic effects. The aim of this project therefore was to determine the by-products

produced from the chlorination of microcystins and to assess their potential toxicity.

A range of toxin producing and non-toxin producing cultures of Microcystis aeruginosa were
chlorinated to determine the effect on measures of toxicity. The more common disinfection by-
products as well as total halogenated organic components were also measured. Toxicity of the
cultures waS monitored via specific and non-specific toxicity assays such as the mouse bioassay,
HPLC analysis, protein phosphatase inhibition assay and Ames mutagenicity assay in order to
determine any trend between acute or subacute toxicity and chlorination of the toxin producing

Microcystis cultures.

Protein phosphatase inhibition decreased after chlorination in strains of Microcystis which
produced toxin. This was consistent with the elimination of acute toxicity in mice and HPLC
analysis results. No correlation could be made between the results of Ames mutagenicity testing
and the presence of microcystins. There was also no recognisable trend between any of the
toxicity assay results and the presence of chlorinated disinfection by-products. It was found that
chlorination of the various Microcystis cultures yielded similar chlorinated by-products. However
different ratios of these compounds were found which implies the presence of different

organohalogen precursors in some strains.,
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1 INTRODUCTION

1.1  Toxic Cyanobacteria

The increasing prevalence of algal blooms arising through increasing eutrophication of water
bodies is placing greater pressures on the uses of water, particularly for drinking. In particular the
blue-green algae, more correctly known as cyanobacteria, are well known for their ability to
produce tastes and odours, thereby reducing the suitability of affected water for this purpose
(Izaguirre et al., 1982; Slater and Blok, 1983) . Some cyanobacteria can also produce potent
toxins which have been responsible for numerous animal deaths (Schwimmer and Schwimmer,

1968; Carmichael ef al., 1985; Beasley et al., 1989; Carmichael and Falconer, 1993).

Toxic cyanobacteria have been recorded from 31 countries which includes every continent except
Antarctica (Carmichael and Falconer, 1993). Areas which have well documented occurrences of
toxic cyanobacteria include North America, Southern Africa, Australia, UK and Scandinavia and
may reflect the distribution of researchers rather than the distribution of the organistms. Toxicity is

widespread through the cyanobacteria with 41 species from 19 genera reported as toxic (Scott,

1991).

In Australia there have been several documented incidents involving deaths of sheep, cattle,
horses, turkeys and honey bees associated with blooms of Microcystis, Anabaena and Nodularia
(Mulbearn, 1959; McBarron and May, 1966; May and McBarron, 1973; McBarron et al., 1975;
Main et al., 1977, Bowling, 1992; Negri et al., 1995).

While the unpalatable appearance of water affected by heavy algal blooms has probably
prevented significant human consumption with consequent fatalities, there is increasing evidence
that low-level exposure may have sub-lethal health effects in man with reports of such incidents
from North America, (Tisdale, 1931a,b; Veldee, 1931; Dillenberg and Dehnel, 1960; Lippy and
Erb, 1976; Billings, 1981) the United Kingdom (Turner et al., 1990) and Africa (Zilberg, 1966).



In Australia the most dramatic incident was at Palm Island 1979 when 139 children and 10 adults
became seriously ill after drinking water affected by a heavy cyanobacterial bloom (Bourke et al.,
1983). Subsequent research suggested that the causative organism was the cyanobacterinm
Cylindrospermopsis raciborskii (Hawkins et al., 1985). Falconer et al. (1983a) reported evidence
of liver damage attributable to the presence of Microcystis aeruginosa in the water supply of
Armidale, New South Wales. More recently gastrointestinal and skin complaints have been
associated with recreational exposure to Nodularia spumigena (Soong et al., 1992) and Anabaena
circinalis (El Saadi et al., 1995; El Saadi and Steffensen, 1996). There is also epidemiological

evidence from China of a link between cyanobacteria and cancer (Yu, 1994; Ueno et al., 1996).

12 Cyanobacterial Toxins

Cyanobacteria are known to produce hepatotoxins, neurotoxins and lipopolysaccharide (LPS)
endotoxins (Codd et al., 1989; Carmichael, 1992, 1994). The hepatotoxins are cyclic peptides
with the most frequently encountered compounds being the microcystins, cyclic heptapeptides
produced most commonly by Microcystis aeruginosa but also by other genera such as
Oscillatoria, Anabaena and Nostoc (Skulberg et al., 1993). Nodularia spumigena, normally a
brackish water cyanobacterium, can produce a similar cyclic pentapeptide, nodularin, which is
equally as toxic as the most toxic microcystins (Rinehart et al., 1988). A similar pentapeptide,
motuporin, has recently been isolated from a marine sponge (de Silva et al., 1992). The structures

of the peptide hepatotoxins are shown in Figure 1.

Microcystins initially appeared to contain 5 invariant and 2 variant amino acids. One of the
invariant amino acids is a unigue [3-amino acid called Adda. A 2 letter suffix (XY) is ascribed to
each individual toxin to denote the 2 variant amino acids. X is commonly leucine, arginine or
tyrosine, and Y, arginine, alanine or methionine. Recently some variants of the "invariant" amino
acids have been reported, eg, desmethyl amino acids and/or replacement of the 9-methoxy group
of Adda by an acetyl moiety. Currently there are over 40 variants of microcystin which have been
characterised (Carmichael, 1994). Of these over 40 compounds, microcystin-LR would appear to
be the microcystin most commonly found in cyanobacteria. It is also common for more than one
microcystin to be found in a particular strain of cyanobacterium (Namikoshi et al., 1992; Lawton

et al., 1995). The microcystin variants may also differ in toxicity (Carmichael, 1992).
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Figure 1. Peptide hepatotoxins (1) Microcystin-XY and (2) Microcystin-LR

Nodularin is known only from Nodularia spumigena. This cyclic pentapeptide contains amino
acids similar or identical to those found in microcystins, namely arginine, glutamic acid, p-

methylaspartic acid, N-methyl-dehydrobutyrine and also Adda (Rinehart et al., 1988).

Neurotoxins include anatoxin-a and anatoxin-a(s) which are produced by Anabaena flos-aquae in
the northern hemisphere (Figure 2). Neurotoxicity in Anabaena circinalis in Australia has
recently been found to be due to a group of compounds called the paralytic shellfish poisons
(PSPs) (Figure 3) (Humpage et al., 1994). This group of toxins is usually encountéred in the
marine environment where they are produced by dinoflagellates, the organisms responsible for

“red tides”, so-called as their blooms cause a red discolouration of the water (Anderson, 1994).
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Figure 2. Alkaloid neurotoxins (1) Anatoxin-a and (2) Anatoxin-a(s)
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Figure 3. Basic structure for the Paralytic Shellfish Poisons

Toxic dinoflagellates are consumed by shellfish, thereby rendering them toxic. Human illnesses
and deaths have occurred on a number of occasions through the consumption of shellfish
contaminated in this way (Kao, 1993). The LPS endotoxins, also commonly produced by certain
bacteria, may be involved in episodes of allergic reactions and minor illnesses such as
gastroenteritis in humans who have come in contact with cyanobacterial blooms (Codd et al.,
1989).



A more unusual cyanobacterial toxin is cylindrospermopsin (Figure 4) which has been isolated
from C. raciborskii (Ohtani et al., 1992) and Umezakia natans (Harada et al., 1994). It is an
hepatotoxic alkaloid which principally affects the liver but other organs such as the kidney are

also affected (Hawkins ef al., 1985, 1997; Terao et al., 1994).
OH
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Figure 4. Cylindrospermopsin

1.3  Toxicology of Peptide Hepatotoxins

Of these chemically diverse groups of toxins, the peptide hepatotoxins (microcystins and
nodularin) are probably the most important because of their apparent chronic toxicity. A link
between exposure to microcystins and tumour promotion has been shown in experiments with
laboratory animals (Falconer and Buckley, 1989; Falconer, 1991; Nishiwaki-Matsushima ez al.,
1992; Fawell ef al., 1994; Fujiki et al., 1996). Nodularin has very similar characteristics but also
has now been reported to be a liver carcinogen (Ohta et al., 1994; Fujiki et al., 1996).

Microcystins  inhibit enzymes responsible for the dephosphorylation of intracellular
phosphoproteins (MacKintosh et al., 1990). These enzymes are called protein (serine/threonine)
phosphatases and are classified into two groups called Type 1 and Type 2 (Shenolikar, 1994). The
types which are most inhibited by cyclic peptide hepatotoxins are Type 1 and a subset of Type 2,
protein phosphatase 2A. The inhibition of these enzymes appears to be related to the
hepatotoxicity of these toxins (Runnegar et al., 1993; Toivola et al., 1994) and is probably also
related to their tumour promotion properties. Recent studies on the high incidence of liver cancer

in certain parts of China suggest that the causative agents are microcystins (Yu, 1994; Ueno et al.,

1996).



While there is still considerable uncertainty as to the public health risks associated with chronic
exposure to peptide hepatotoxins in drinking water, preliminary investigations indicate that
drinking water quality guidelines for microcystins could be around 0.5 - 1.0 pg/L. (Jones et al.,
1993a; Falconer et al., 1994; Kuiper-Goodman et al., 1994). There is thus an urgent need to

control toxin concentrations to below these levels in drinking water.
1.4  Control of Peptide Hepatotoxins
1.4.1 Activated Carbon

Water treatment options for the control of peptide hepatotoxins in drinking water have been
summarised by Drikas (1994). Activated carbon was found to be effective as early as 1976
(Hoffmann, 1976) for removal of toxins produced by M. aeruginosa but more detailed water
treatment studies were not reported until later. These studies showed both powdered and granular
activated carbons to be effective for the removal of either pure toxins or toxins from
cyanobacterial material (Falconer et al., 1983b, 1989; Keijola et al., 1988; Himberg et al., 1989;
Lahti and Hiisvirta, 1989; James and Fawell, 1991; Pieronne, 1993; Jones et al., 1993b;
Bernazeau, 1994; Craig and Bailey, 1995; Lambert et al., 1996). Factors affecting the adsorption
of microcystin-LR by activated carbons has also been studied in detail (Donati et al., 1993, 1994),
While activated carbon can be highly effective, there are a number of problems associated with
the use of this technique. These include cost, difficulties in introducing activated carbon into
water treatment plants not designed for this purpose, differences in effectiveness between

different carbons and determining when adsorption capacities are exhausted.
1.4.2 Oxidation
1.4.2.1 Chlorine

An alternative approach which has been investigated in some detail is the use of oxidants
commonly employed in water treatment for disinfection. Early research with chlorine, the most
common oxidant used for disinfection of drinking water, showed it to be ineffective in destroying

peptide hepatotoxins (Hoffmann, 1976; Keijola et al, 1988; Himberg et al., 1989). However



recent work (Nicholson et al., 1993, 1994; Rositano and Nicholson, 1994; Rositano, 1996) has
shown that, provided a chlorine residual of at least 0.5 mg/L. was present after 30 minutes contact
time, chlorination was effective in the destruction of the hepatotoxins, microcystin and nodularin.
Initial toxin concentrations were in the range of 130-300 pg/L which were considered
representative of highly contaminated water. The destruction of toxins was pH dependent;

chlorinating agents such as calcium and sodium hypochlorite were not as effective at high dose

rates due to elevation of pH.

The work described by Hoffmann used a very low chlorine/toxin ratio and although the final pH
was not mentioned the initial pH was 8.5 which would significantly reduce the chlorine efficiency
and may explain why chlorine was found to be ineffective (Nicholson et al., 1994). The work
described by Keijola et al. (1988) and Himberg et al. (1989) used low chlorine doses (0.5 mg/L)
which would be expected to be rapidly consumed by reaction with the high level of oxidisable
material present in the water (potassium permanganate values of 35 - 48 mg/L). The chlorine

would therefore not be available to react with the toxins.

1.4.2.2 Chloramines

Chloramination of dilute algal extract solutions at a concentration of 20 mg/L. monochloramine
did not have any significant effect on the toxins after a contact time of up to 5 days (Nicholson ez
al., 1994; Rositano and Nicholson, 1994; Rositano, 1996). This is not unexpected given that
monochloramine has a weaker oxidising capacity compared with chloriné. There does not appear

to be any benefit in pursuing the use of chloramination for the removal of algal toxins.

1.4.2.3 Potassium Permanganate

Potassium permanganate is a relatively strong oxidant and is used in water treatment for the
oxidation of iron and manganese. A dose of 1 mg/L potassium permanganate removed 95% of
microcystin-LR at an initial concentration of 200 ng/L after 30 minutes (Rositano and Nicholson,
1994: Rositano, 1996). However oxidation of toxins in cyanobacterial material was relatively

poor, suggesting that potassium permanganate was unable to access intracellular toxin by either



penetrating the cell wall or lysing the wall of cyanobacterial cells, thereby releasing toxin to the

surrounding medium where oxidation could occur (Rositano, 1996).
1.4.2.4 Ozone

Ozone is one of the most powerful oxidants known and has been used effectively for disinfection
and the oxidation of a wide range of compounds in water treatment. Keijola ef al. (1988) showed
that preozonation at 1 mg/lL. was sufficient to completely remove toxicity caused by both
hepatotoxins and anatoxin-a. Himberg et al. (1989) further determined that the removal efficiency
was dependent on ozone dose. This work has been summarised by Lahti and Hiisvirta (1989).
James and Fawell (1991) also confirmed that ozonation removed microcystin-LR and further
showed that ozonation did not result in the formation of 'new' toxic products sufficient to cause
acuté poisoning or signs of illness in mice within 24 hours. The effectiveness of ozone has also

been reported by Bernazeau (1994).

Rositano and Nicholson (1994) found that the rate of oxidation of microcystin-LR with ozone
was extremely fast with 99% of the toxin removed in 15 seconds. It was also found that with
water containing cyanobacterial material, higher ozone dose rates were required but toxin
removal was complete with concentrations of ozone just above the ozone demand of the water; ie,
ozonating to produce a residual of only 0.05 mg/l. was sufficient to completely remove
microcystins. Again toxin destruction was pH dependent (Rositano and Nicholson, 1994;
Rositano, 1996; Rositano et al., 1997). Pieronne (1993) showed that nodularin was also very
rapidly and effectively oxidised by ozone while the removal of anatoxin-a was slower than the

hepatotoxins; 92% removal was reached after 60 seconds with a residual of 0.11 mg/L.
1.4.2.5 Other Oxidants

A number of other oxidants are available for disinfection; in particular, hydrogen peroxide,

peroxone {a mixture of ozone and hydrogen peroxide) and irradiation with ultraviolet light,

Hydrogen peroxide at a dose of 20 mg/L removed only 17% of microcystin from a freeze dried

algal extract with a peroxide residual of 11.2 mg/L after one hour (Rositano and Nicholson, 1994;



Rositano, 1996). Considering the high oxidation potential of hydrogen peroxide this may be
considered surprising; however hydrogen peroxide is not used alone as an oXidant in water
treatment because of its poor chemical kinetics (Glaze, 1990) and this may also be the reason for

the poor reaction with the microcystins.

Ultraviolet light is a very efficient means of disinfecting water at the point of use and this could
prove a simple solution for a single household using water containing toxins. The stability of
microcystin-LR to UV irradiation was investigated (Rositano and Nicholson, 1994). Althoﬁgh
more than 90% removal occutred within 30 minutes, the radiation dose required to achieve this
was far in excess of the average radiation delivered by commercially available disinfection units.

Static units with high irradiation intensities would be required.

Hydrogen peroxide has been used in combination with both ozone and UV to improve the
oxidation efficiency of each process. Preliminary evaluation of UV/hydrogen peroxide did not
result in any increased removal of microcystin-LR above that obtained with UV alone (Rositano

and - Nicholson, 1994). Peroxone appeared to be slightly more effective than ozone alone in

oxidising microcystin (Rositano, 1996).
1.5  Project Aim

The effectiveness of oxidation for the removal of hepatotoxins is a significant discovery and
offers, in the case of chlorine, a relatively cheap, simple solution for removal of these toxins.
However of concern is whether oxidation of these toxins, while removing the toxicity, introduces
other noxious by-products. In the case of chlorine, destruction of microcystins is accompanied by
the elimination of acute toxicity as determined by mouse bioassay (Nicholson ef al., 1993, 1994,
Rositano and Nicholson, 1994; Rositano, 1996). Nevertheless the formation of by-products with

lower but potentially chronic toxicity has not been addressed.

The aim of this project was to evaluate the formation of by-products during chlorine oxidation.
Chlorine was selected as it is the most common of the oxidants employed in water treatment and,
compared with ozone, is a much cheaper and convenient option for incorporation into water

treatment processes for toxin control. The initial plan was to identify specific by-products of



microcystin-LR and nodularin over a range of chlorine:toxin ratios. However it rapidly became
apparent that the quantities of pure toxins required, and the complexity of the procedures required
for the isolation/identification of by-products made this approach impractical given the relatively
short duration of the project. Consequently an approach based on identifying and quantifying
more general indicators of toxicity following chlorination of toxic and non-toxic cultures of

cyanobacteria was adopted.

Analyses for specific and non-specific toxicity included:

HPLC analysis for microcystins
¢ mouse bioassay

phosphatase inhibition (32P protein phosphatase assay)

Ames mutagenicity

It was recognised that the chlorination of algal cultures would produce disinfection by-products
(DBPs) at levels comparable to those obtained from the chlorination of humic material (Briley ef
al., .1980). This has significant implications on the chlorination of drinking water supplies
contaminated with cyanobacteria. In August 1996, Australian drinking water quality guidelines
for DBPs were released (NHMRC/ARMCANZ, 1996) and covered the most commonly identified
chlorination by-products such as the trihalomethanes (THMs), haloacetic acids (HAAS),
haloacetonitriles (HANSs), chloral hydrate, chloropicrin, cyanogen chloride and the chlorophenols.
On this basis the opportunity was taken to analyse for a number of these compounds as they
directly related to the health implications of chlorinating drinking waters affected by blooms of

toxic and non-toxic M. aeruginosa.
The disinfection by-products determined were:

¢ trihalomethanes (THMs)
¢ haloacetic acids (HAAS)
¢ haloacetonitriles (HANSs)
e AOX (a more general measure of halogenated by-products)

. chlorophenols
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2 MATERIALS AND METHODS

2.1 Cyanobacterial Materials

Four strains of Microcystis aeruginosa which produced varying concentrations of total
microcystin per freeze dried weight (as determined by high performance liquid chromatographic

(HPLC) analysis and mouse bioassay) were used in this project.

Strain PCC7820 was obtained from Professor G.A. Codd of the University of Dundee, Scotland
and ‘contained four microcystins identified as microcystins-LW, -LR, -LF and -L'Y and has an
LDs of 30 mg/kg from previously published data. The HPLC toxin profile however was very
different from that published by Codd and coworkers (Lawton ef al., 1994).

This strain unfortunately had become contaminated with another strain of M. aeruginosa. Both
were easily differentiated by the difference in cell diameter as strain PCC7820 was twice the
diameter of the foreign strain (Figure 5). Five 12 L cultures and 2 1 L cultures were grown under
identical conditions having been inoculated with the same stock inoculum at 1% v/v. The ratio of
PCC7820 to foreign Microcystis cells varied considerably from culture to culture (Table I).
Subsamples of cultures 4, A, and B (100 mL) were extracted and analysed by HPLC to determine
the toxin content. The results suggest that the foreign strain is either non-toxic or produces very
little toxin since there is quite a significant difference in cell concentrations of the foreign strain
between these samples but not a significant difference in toxin content. Strain PCC7820 (which
included the foreign strain) was used for one experiment. It was then decided to use a M.

aeruginosa strain which produces a higher concentration of microcystins.

A second toxic M. aeruginosa strain, MIC 338 was donated by Dr Gary Jones of CSIRO Division
of Water Resources. This strain was collected from Shepparton, Victoria in 1991, The culture

produced between 1500-1800 mg/g dry weight of microcystin. This strain produced 4 toxic
components, microcystin-LR and 2-desmethyl LR which coeluted by HPLC and another two

components which have not yet been characterised (Figure 6).
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Figure 5. 200x and 400x magnification images of culture PCC7820 showing the Microcystis
strain PCC7820 and the contaminant strain

TABLEI
CELL COUNT RATIO AND TOXICITY OF CULTURED PCC7820

Culture Cell Count (cells/mL) Ratio Microcystin
PCC7820 Foreign PCC7820/ Concentration
Strain Foreign {ng/100mL)
1(12L) 420 000 90 000 4.7:1 *
2(12L) 417 000 190 000 2.2:1 *
3(12L) 400 000 128 000 3.1:1 *
4 (12L) 538 000 161 000 3.3:1 0.75
5(12L) 421 000 95 000 4.4:1 *
A(lL) 300 000 450 000 0.7:1 0.39
B(1L) 400 000 3 000 000 0.1:1 0.92

* Toxin concentration was not determined

12



Strain 023 was collected from the River Murray near Mildura, Victoria in 1991 and contained one
minor toxic component as determined by HPLC analysis with PDA detection (Figure 6). Mouse
bioassay at 500 mg/kg resulted in a non-toxic response. A second strain of M. aeruginosa, strain
031, which produced a non-toxic response by mouse bioassay at 500 mg/kg, was obtained from

Carcoar Dam, New South Wales in 1992. It contained no toxic components by HPLC analysis.
2.2 Growth and Preparation of Cyanobacterial Cultures for Chlorination Experiments

All cultures were grown in BG11 media (Rippka et al., 1979) which consisted of the following:

NaNO; 1500 mg/L Na,yC0; 20 mg/L
K,HPO, 30.5 mg/L Trace Metals

MgS04.7TH,O 75 mg/l. H3BO; 2.86 g/lL
CaCl;.2H,0 36 mg/L. MnCl,;.4H,O 1.81 g/
Citric Acid 6 mg/L ZnS04.7H,0 0.222 g/L
Ferric Ammonium NaMo04.2H,O 0.39 g/L.
Citrate 6 mg/L. CuS04.5H,0 0.0792 g/L
NaEDTA 1 mg/L Co(NO3),.6H,0O 0.0496 g/L.

Media was autoclaved at 121 kPa for 40 minutes and cooled slowly to prevent the precipitation of
salts. Ferric ammonium citrate was added aseptically and the media was then pH adjusted to 7.4.
Media was inoculated under sterile conditions with the appropriate culture of Microcystis in its
late log growth phase at 1 % v/v. The Microcystis cultures were grown in 12 L of media in 15 L

Nalgene containers at 25°C under continuous light at 60 pmoles/m?/sec (Figure 7). The cultures

were left to grow for 7-8 days with gentle shaking twice daily.
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Figure 6. HPLC chromatograms of strains PCC7820 (A), 338 (B), 031 (C), and 023 (D).
Toxic components are represented by an asterisk. Strain 338 shows only 2 peaks, both
containing two co-eluting components, all of which are toxic. Despite the large number
of peaks in D none of these show UV spectra typical of microcystins.
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Figure 7. Cyanobacterial cultures being grown up on a large scale

2.2.1 Concentration of M. aeruginosa Cultures

Various researchers have found that M. aeruginosa produces the highest level of toxicity at the
mid-log or late-log phase of growth (Van der Westhuizen and Eloff, 1983; Watanabe and Oishi,
1985) It was decided therefore to use the cultures at this stage in their growth. Cell counts were
carried out daily from seven days growth to determine when the cultures had reached late log
phase. Cultures which produced microcystins were concentrated to ensure acute toxicity by
mouse bioassay. This was achieved by centrifuging batches of culture at 8000 rpm for 10 minutes
with no brake, decanting the supernatant and combining the cells. The decanted media was
filtered through a 0.45 um cellulose acetate filter to remove any remaining cyanobacterial cells
and this solution was used as a media control in the chlorination experiments for strains PCC7820

and 338. Strains 023 and 031 did not require a cell concentration step as these strains did not

produce toxins.
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2.2.2 Cell Counting Procedure

A 1.5 mL sample was stained with a 1 % v/v Lugols iodine solution (50 pL). The sample was left
to stand for 20 minutes, vortex mixed and transferred to a 1 ml Sedgwick-Rafter counti.ng
chamber. The chamber was placed in a humid environment and allowed to stand for a further 30
minutes to allow the cells to settle to the bottom of the chamber without evaporation of the
sample. Five fields of view were counted under phase contrast using an Olympus BH-2
microscope at either 200x or 400x magnification. The cell number per millilitre was calculated by
multiplication of the total cell count by a known factor for each objective. Errors due to volume

variation of the counting chamber were also taken into account.
2.3 Chlorination of M. aeruginosa Cultures
2.3.1 Experiment 1 Strain PCC7820

Concentration of the cultures resulted in a cell concentration of 1.5 x 10° cells/mL PCC7820 and
1.8 x 10° cells/mL of the foreign strain of M. aeruginosa. The total organic carbon content was
5.5 mg/L, chlorophyll ¢ 217 pg/L, and the pH was adjusted to 7.5 by the slow addition of 0.1M
hydrochloric acid. The microcystin content of a 100mL sample of culture was determined by
HPLC analysis to ensure acute toxicity by mouse bioassay and was determined to be 1.2 pg/100
mL. The chlorine demand of the culture was determined by chlorinating four 100 mL subsamples
at various chlorine doses and determining the residual by DPD/FAS titration (Standard Methods,
1976) after 30 minutes and was found to be 5.2 mg/L. (Figure 8). Four 1.8 L volumes of the
culture were poured into 2 L vessels, three of these were dosed with a concentrated chlorine
solution to give a final dose of 8.0 mg/L chlorine, the other solution was used as a control, Two
1.8 L volumes of BG11 media used to grow the cyanobacteria were filtered through a 0.45 um
cellulose acetate membrane, one volume was chlorinated at the same dose whilst the other was
left non-chlorinated. All solutions were left standing for 30 minutes with occasional stirring.
After 30 minutes a chlorine residual was determined for each vessel and then quenched with
approximately 100 mg sodium sulphite. Appropriate volumes from each vessel were apportioned

for the various analyses to be carried out as outlined in Figure 9.
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2.3.2 Experiment 2 Strain 338

A culture of strain 338 was concentrated as in Experiment 1, however the pH was adjusted by the
addition of 10% v/v 0.1IM phosphate buffer (pH 7) to ensure that the pH was maintained at pH 7
on the addition of chlorine solution. The final cell concentration was 340 000 cells/mL, TOC 5.1
mg/L, chlorophyll a 179 pg/L and initial microcystin content of 6.9 ug/100 mL. It should be
noted that the initial microcystin content was different from the microcystin content at the time of
the experiment as the experiment was carried out a day after the initial screening and the culture
was still growing. The chlorine demand was determined to be 18.6 mg/LL (Figure 8) and
subsequently the cultures were chlorinated at 20 mg/L following the same protocol as in
Experiment 1. This procedure was repeated with a further 4 x 1 L of culture and 2 x 1 L of media,
however these solutions were quenched after 24 hours and the volumes apportioned for the

appropriate analyses (summarised in Figure 9).

2.3.3 Experiment 3 Strain 023

As in Experiment 2 the pH was adjusted by the addition of 10 % v/v 1M phosphate buffer. The
final cell concentration was 460 000 cells/mL, TOC 2.5 mg/L, chlorophyll a 124 pg/L and initial
microcystin content of 0.27 pug/100 mL. The chlorine demand was 8.1 mg/L (Figure 8) and the
chlorine dose applied was 12 mg/L. BG11 media was used as a media control in this experiment
such that one vessel was chlorinated and the other was unchlorinated. The experiment was

repeated with 1 L vessels and left for 24 hours before quenching.

2.3.4 Experiment 4 Strain 031

As in the previous experiment the pH was adjusted by the addition of 10% v/v 1M phosphate
buffer (pH 7). The final cell concentration was 514 000 cells/mL, TOC 2.2 mg/L, chlorophyll &
57 pg/L and chlorine demand 6.0 mg/L (Figure 8). Microcystins could not be detected by HPLC.
The solutions were dosed at 8 mg/L chlorine. The following flow diagram (Figure 9) illustrates
the analyses carried out for each experiment. Chlorination of each strain was carried out in
triplicate and in each experiment there was a control which consisted of the culture without

chlorination but with quenching after 30 minutes or 24 hours. Two media controls (blanks)
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included one chlorinated and another non-chlorinated for both the 30 minute and 24 hour
chlorination. Each analysis was carried out in duplicate except for those which were carried
out by subcontractors such as phosphatase inhibition assay and AOX . These analyses are

quite expensive and so analyses were minimised.
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Figure 8. Determination of chlorine demands for experiments 1-4 : (Exp 1) 5.2mg/L,
(Exp2) 18.3mg /L, (Exp 3) 9.4mg/L and (Exp4) 4.7mg/L

2.4 Analysis of Chlorinated Cultures

2.4.1 Toxicity Testing

2.4.1.1 Microcystin Analysis By HPL.C

Duplicate 100 mL culture samples were freeze-thawed then filtered through Whatman GF/C
filters. The filter paper was extracted twice with 5 mL 100% methanol whilst the filtrate was

passed through a Waters 500 mg CI18 solid phase extraction cartridge which had been
preconditioned with methanol (15 mL}) followed by water (15 mL). The cartridge was washed
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with water followed by 10% and 20% methanol before eluting the column with 100%
methanol. The methanol fractions from the GF/C filter and the solid phase extraction
cartridge were combined and evaporated to dryness under a stream of nitrogen at 40°C. The
residue was taken up in 500 pL methanol followed by 500 pL water, and the combined
methanol/water fraction filtered through a PVDF 0.45 pm Gelman Acrodisc. A 50 uL
injection was analysed by HPLC using a 27% acetonitrile/0.1M pH 7 phosphate buffer mobile
phase at 1 mL/minute. The system consisted of all Waters equipment including a 996
photodiode array detector monitoring at 240 nm, 600E quaternary pump, 717plus autosampler

and a Waters Symmetry C18, 5 um 3.9 x150 mm analytical column.

2.4.1.2 Mouse Bioassay

500 mL volumes were extracted according to the method described above except that the
combined methanol extracts were dried and taken up in 2.5 mL of Milli-Q water (Millipore
Corp., USA). The biocassays were carried out by the Institute of Medical and Veterinary Science,
Adelaide, South Australia. Two 1 mL samples were injected intraperitoneally into 20 g white

female Balb/c mice. Death within 1-6 hr with the characteristic enlarged liver was used as a

measure of toxicity.

2.4.1.3 Phosphatase Assay

Assays were carried out by Dr A T. Simrand Ms L.-M. Mudge at the University of Newcastle
according to the procedure of Sim and Mudge (1993). Experimental samples were analysed as
the neat sample and as concentrated samples by extraction of 100 mL by the extraction

technique outlined in section 2.4.1.1 except that the combined dried extracts were made up to 1

mL in Milli-Q water.

2.4.1.4 Ames Mutagenicity Assay

100 mL samples were extracted according to the method outlined (2.4.1.1). They were made up
to 2 mL in Milli-Q water and aliquots of 100 pL were tested according to the revised method of

Maron and Ames (1983) using Salmonella typhimurium strains TA98, TAlOO and TA102. S9

mix was used as a metabolic activator for strains TA98 and TA100. Azide and mytomycin C
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were used as positive controls for strains TA100 and TA102 respectively while aflatoxin, used
in conjunction with 9, was used as a positive control for TA98 and TA100. This procedure
was also repeated with the corresponding non-concentrated samples. Microcystin-LR standard

solution at 5 pg/mL (Calbiochem Corp., USA) was also tested.

2.4.2 By-Products Analysis

2.4.2.1 Trihalomethane (THM) Analysis

Chloroform, bromodichloromethane, dibromochloromethane, and bromoform were analysed by
capillary gas chromatography (GC) with electron capture detection (ECD) using a Perkin-Elmer
HS 40 headspace sampler at 45°C and Varian 3400 gas chromatograph. The column was a DB-
624, 30 m x 0.32 mm ID and 1.8 pum film thickness (J&W Scientific, USA). The column was
set at 60°C for 1 minute, then ramped to 180° C at 30° C/minute. Standards were obtained from
Aldrich Chemicals (Wisconsin, USA).

2.4.2.2 Adsorbable Organic Halogen (AOX)

AOX analyses were carried out by Levay and Co. Environmental Services (Ian Wark Institute,
University of South Australia), 10 mL Samples were diluted to 100 mi. with Milli-Q water
followed by the addition of 5 mL of 17 mg/L. sodium nitrate solution and 50 mg activated
carbon. The samples were then shaken for 30 minutes and analysed on a Euroglas ECS 1000
AOX Analyser (Euroglas, The Netherlands).

2.4.2.3 Haloacetic Acids (HAAS)

Two methods for the analysis of the chlorinated acetic acids; monochloroacetic acid
(MCAA), dichloroacetic acid (DCAA), and trichloroacetic acid (TCAA) were attempted.
They were US EPA methods 552 and 552.1 (USEPA, 1990, 1992) which entail methyl
esterification with diazomethane and acidified methanol respectively. The acidified methanol
method (552.1) resulted in low yields in comparison to the diazomethane esterification; the
latter was the method of choice and is described below. The methyl-tert-butyl ether (MtBE)

used in this method was distilled and dried over calcium sulfate prior to use.

22



A 30mL water sample was acidified (pH < 0.5) using concentrated sulphuric acid. MtBE (3
mL) was added followed by copper sulphate pentahydrate (3 g) and sodium sulphate (12 g,
acidiﬁed to pH < 4 by the addition of 0.1 mL concentrated sulfuric acid to 100 g sodium
sulfate in ethyl ether which was then evaporated). The vials were shaken by hand for 3
minutes to break up any lumps and then shaken for a further 30 minutes using a mechanical
shaker. The ether layer was transferred to a 2.0 mL volumetric flask and approximately 0.3
mL was evaporated by blowing down under a gentle stream of nitrogen. 1,2,3-
Trichloropropane at a concentration of 5.2 g/l (80 pl) was added as an internal standard.
Diazomethane solution (see 2.4.2.4 for method) was added to bring the final volume to 2.0
mL. After 30 minutes, 0.2 g silica gel (60 - 100 mesh, activated), was added and allowed to

be in contact with the diazomethane for 15 minutes. GC vials were filled and analysed within

48 hours (2 pL injections).

Samples were analysed using a Varian 3500 capillary gas chromatograph with electron
capture detector (GC-ECD), Varian autosampler and a DAPA software system. The primary
analytical column was a DB-1701, 30 m x 0.25 mm ID, 0.25 pm film thickness (J&W
Scientific, USA) using hydrogen as the carrier gas. The injector temperature was 200°C with
a splitless delay of 30 seconds. The column oven was programmed at S0°C for 10 minutes,
reaching 210°C ramping at 10°C /minute, and a final hold time of 10 minutes. The detector
temperature was 290°C. Confirmation of analytes was done using a DB-5 capillary column,

30 m x 0.32 mm ID, 0.25 pm film thickness (J&W Scientific, USA). Retention times are

given in Table II.

A calibration curve was produced for each of the 3 chloroacetic acid esters spiked in Milli-Q
water. Peak areas were compared with the area of an internal standard to produce a response
ratio. Triplicate analysis of 5 concentrations was done for the range 0 - 50 pug/L; recovery data
are given in Table IIl. Linear responses were found with good correlation for each of the

acids, although monochloroacetic acid was difficult to detect. The linear range for the acids

was found to extend to at least 50 ug/L (Figure 10).
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TABLE II
RETENTION TIME DATA FOR HALOACETIC ACIDS

Retention Time (Minutes)

Analyte ' DB-1701 DB-§
Monochloroacetic Acid 3.18 2.2
Dichloroacetic Acid 5.02 3.5
Trichloroacetic Acid 7.21 6.5
Internal Standard 8.60 5.7

(1,2,3-Trichloropropane)

TABLE III
RECOVERY DATA FOR THE HALOACETIC ACIDS FROM MILLI-Q WATER

Concentration Recovery (%)
(pg/L) Monochloroacetic Dichloroacetic Acid Trichloroacetic
Acid Acid

0 0 0 0

65 36 77
10 : - 60 90 91
25 68 112 70
50 73 99 81
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Figure 10. Standard curves for monochloroacetic acid, dichloroacetic acid and
trichloroacetic acid
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2.4.2.4 Preparation of Diazomethane Solution.

Diazomethane has the potential to explode, therefore generation of diazomethane was carried

out behind a protective shield. Glassware had polished glass joints and no sharp edges.

A solution of diazomethane was prepared by the base catalysed decomposition of N-nitroso-N-
methyl 4-toluenesulfonamide (pTSN). A solution of pTSN (2 g) in methoxyethanol (10 mL)
was added dropwise to a stirred solution of methanolic KOH (10% w/w, 25 mL). A flow of
nitrogen was maintained through the solution at a rate of approximately 2 bubbles per second.
As diazomethane is generated the solution turns opaque yellow and the diazomethane is
transferred and collected in an adjoining flask containing MtBE (50 mL) by the stream of
nitrogen (Figure 11). The generation of diazomethane has ceased when the solution turns clear.
The yellow solution of dissolved diazomethane in MtBE is then effectively stoppered and stored

in the freezer until required.

Dropping funnel with pTSN solution

Nitrogen in
Diazomethane out
e
[
Diazomethane . KOH/Methanol solution
collection in L — —— Warm water bath

MTBE —— T Stirring Flea

Figure 11. Apparatus for the generation of diazomethane
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2.4.2.5 Haloacetonitriles (HANs) and Chloral Hydrate

Trichloroacetonitrile, dichloroacetonitrile, bromochloroacetonitrile and chloral hydrate were

analysed according to a modified version of US EPA method 551 (USEPA, 1990).

Glass screw cap vessels (40 mL) were cleaned scrupulously using detergent, rinsed with tap
water followed by demineralised water and finally with acetone. They were then oven dried.
To a 35 mL sample was added sodium chloride (8 g) which was dissolved by manually
shaking followed by the addition of MtBE (2 mL). The samples were shaken by hand for 2
minutes and the ether layer transferred to a GC antosampler vial. An internal standard was not
added to the samples, instead an external calibration curve for each of the analytes was
established by extracting quadruplicate samples of Milli-Q water spiked with the analytes at
5.0 pg/L, 2.0 pug/L, and 0.05 pg/L. The calibration curve was linear over this range and
concentrations were determined by direct extrapolation from these curves (Figure 12).

Dilution of the samples was sometimes necessary for quantification within this range.

The short retention time of trichloroacetonitrile on the DB 1701 column (Table IV) resulted
in coelution of this analyte with other unknown extracted materials. It was not found
necessary, however, to prepare a calibration curve from the DB-1 column data as only traces
of this analyte were found to be present in samples. Recoveries for various extractions from
spiked cultures of M. aeruginosa and Milli-Q water are given in Table V. Initial recoveries
for chloral hydrate from both a spiked culture of M. aeruginosa and Milli-Q water were
consistently low and this compound could not initially be detected at the lower levels. A
number of measures where taken to improve the recoveries such as careful purification and
drying of reagents, the capillary column washed frequently with various solvents and the

electron capture detector replaced, which improved the sensitivity and allowed detection at

0.05 pg/L. These data are also shown in Table V.

The samples were analysed on a Varian 3500 capillary GC with electron capture detector and
DAPA workstation. A DB-1701 column (30 m x 0.25 mm ID, 0.25 um film thickness) was
used as the primary analytical column with hydrogen as the carrier gas. The oven was set at
40°C for 9.67 minutes, ramped to 120°C at 6°C/min, held for 10 minutes then ramped to

150°C at 6°C/min and held for a further 5 minutes. The injector temperature was 200°C and
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detector temperature 290°C. The presence of analytes of interest was confirmed by analysis
on a2 BP-1 column (25 m x 0.25 mm ID, 1 pum film thickness). The initial oven temperature

was set at 35°C for 9 minutes, increased to 120°C at 1°C/min, then to 210°C at 10°C/min.
TABLE IV
RETENTION TIME DATA FOR CHLORAIL HYDRATE AND

HALOACETONITRILES

Retention Time (Minutes)

Analyte DB-1701 DB-1

Chloral Hydrate 2.57 10.75

Dichloroacetonitrile 4,57 9.75

Trichloroacetonitrile 2.05 8.31

Bromochloroacetonitrile 10.28 -
2.4.2.6 Chlorophenols

The analysis of 2,4,6 trichlorophenol, 2,3,4,6 tetrachlorophenol and pentachlorophenol was
carried out according to the AWQC laboratory method OC07 and is briefly described below.

The samples (200 mL) were filtered through a 0.45 pm filter membrane and acidified to pH 2
with sulfuric acid (2M). Internal standard was added (2,4,6 tribromophenol, 0.5 mL of a 250
pg/L. solution), and the sample passed through a C18 solid phase extraction cartridge {500
mg). The analytes were eluted with 5 mL isopropanol which was transferred to a volumetric
flask (250 mL) containing 45 mL Milli-Q water. The pH was adjusted to 9 with sodium
hydroxide (0.1M) and potassium carbonate added. The analytes were derivatised by adding
acetic anhydride and swirling for approximately 3 minutes, then extracted in hexane (5 mL)

after making to the mark with Milli-Q water. The extracts were analysed by GC/ECD, -

Aﬁalyte concentrations are determined by comparing the response factors with those of
standards made up in Milli-Q water, derivatised and analysed in the same manner. GC
columns used were a DB-5 (15 m x 0.25 mm ID, 0.25 lum film thickness) and a DB-1701 (15
mx 0.25mm ID, 0.25 um film thickness)}(J&W Scientific, USA).
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Figure 12. Calibration curves for chloral hydrate and dichloroacetonitrile
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3 RESULTS AND DISCUSSION
3.1 Toxicity of Microcystis aeruginosa Cultures After Chlorination
The chlorinated cultures were assessed for potential toxicity by

¢ HPLC Analysis. To determine the concentration of microcystins present in the culture before

and after chlorination,

e Mouse Bioassay. The mouse bioassay, although a crude and relatively insensitive technique,
allows confirmation of the acute toxic effects of microcystin in cultures of M. aeruginosa

and/or any acute toxic effects of other highly toxic compounds apart from microcystins.

e Phosphatase Inhibition Assay. Microcystins are known to inhibit protein phosphatase
activity at extremely low levels (MacKintosh ez al., 1990; Nishiwaki-Matsushima et al., 1991).
It was expected that there would be correlation between the phosphatase inhibition, HPLC
ahalysis and mouse bioassay data which would indicate the effectiveness of chlorination in
eliminating phosphatase inhibition due to the microcystins. The samples were tested as the
neat solution and as an extract solution which was a 100 fold concentration. Figure 13
illustrates the basis of the phosphatase inhibition assay used in this study. 32p labelled
glycogen-phosphorylase a is generated by the action of phosphorylase kinase and ATP*?, The
32p is then cleaved by the action of protein phosphatases 1 and 2A and is measured in solution
after precipitation of the proteins. Phosphatase inhibition of PP1 and PP2A by microcystins
results in decreased concentrations of >2P. An underestimation of toxin concentration is
possible due to the presence of endogenous protein phosphatases in the sample. This increases
the total phosphatase activity thereby producing higher concentrations of 32p, Underestimation
of toxin concentration may also be due to the presence of small peptides with bound phosphate

arising from proteolysis of the glycogen-phosphorylase which remain in solution after

precipitation of the larger proteins.
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e Ames Mutagenicity. The Ames mutagenicity test was used as a screening technique to
determine potential mutagenicity of samples before and after chlorination. Mutagenicity could
be derived from the algal metabolites and/or their chlorinated products which would include of

course any microcystins and their by-products.

A summary of results for the toxicity analyses is given in Tables VI and VII.

ATP* ADP

A
Phosphorylase kifhase
phory /q/—\ 2p Glycogen
phosphorylase a

32P

Glycogen
Phosphorylase b \Wsphatase 1 &2A

32P

Figure 13, The phosphorylation / dephosphorylation cycle. 3p Jabelled glycogen-
phosphorylase a is generated by the action of phosphorylase kinase and ATP? , The ¥P is
then cleaved by the action of protein phosphatases 1 and 2A and measured in solution after
precipitation of the proteins. Phosphatase inhibition of PP1 and PP2A by microcystins
results in decreased concentrations of *2P,

To obtain an acute toxic response by mouse bioassay due to hepatotoxicity from microcystins, the
concentration of toxins in a solution or culture (taking into account the concentration factor of
100x) would need to be between 10 and 20 pg/L assuming that the LDsg of the microcystins
present were between 50-100 pg/kg. As expected from the HPLC results, a positive mouse
bioassay response was obtained from strains PCC7820 control and 338 control and non-
chlorinated media, whilst a negative response was obtained for the other strains and samples.
(Tables VI and VII) The results obtained from the phosphatase inhibition analyses generally
supported this assumption with the exception of the PCC7820 ‘Control neat’ sample. In this case
the reported concentration of 2.6 ug/L. would be insufficient to cause an acutely toxic response by

mouse bioassay.
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TABLE VI
SUMMARY OF TOXICITY RESULTS FOR STRAINS PCC7820 AND 338

Microcystis Control | Chlorinated Non- Chlorinated | Chlorinated
Strain/Assay Blank Chlorinated Culture Culture
Blank 30 min 24 hr
PCC7820
Mouse
Bioassay AT NT NT NT NT
HPLC (ug/L) 18.9 ND ND ND NA
Phosphatase | Neat 2.6 2.4 4.0 1.6(0.6) NA
Assay (ug/L)
Conc 50 NA NA 0.32 (0.2) NA
Ames Neat M* NM NM NM NA
Mutagenicity TA98+59
Conc M NM M M NA
TA98+S9 TA98+59 TA98+S9
338
Mouse
Bioassay AT NT AT NT NT
HPLC (pg/L) 60.7 ND 315 ND NA
Phosphatase | Neat 15.0 0.3 8.1 1.6(0.7) NA
Assay (ug/L) |
Conc 151 NA NA 0.22 (0.3) NA
Ames Neat NM NM NM NM NA
Mutagenicity
Conc NM NM NM NM NA

AT = Acutely toxic to mice, NT = not acutely toxic to mice, ND = not detected by HPL.C
analysis, M = mutagenic by Ames mutagenicity assay, NM = non-mutagenic by Ames
mutagenicity assay, NA = data not available, * = weak mutagenic response. TA98+59 =

8. typhimurium strain TA98 with and without the metabolic activator S9 mix.
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TABLE VII
SUMMARY OF TOXICITY RESULTS FOR STRAINS 023 AND 031

Microcystis Control | Chlorinated Non- Chlorinated | Chlorinated
Strain/Assay Blank Chlorinated Culture Culture
Blank 30 min 24 hr
023
Mouse NT NT NT NT NT
Bioassay
HPLC (ug/L) 2.8 ND ND ND ND
Phosphatase | Neat 4.8 3.9 24 3.12.0) NA
Assay (ug/L)
Conc 0.05 0.25 0.11 3.8(6.2) NA
Ames Neat NM M M M NA
Mutagenicity TA98+S9 TA98+S9 TA98+S59
Conc NM NM NM NM NA
031
Mouse NT NT NT NT NT
Bioassay
HPLC (pg/L) ND ND ND ND NA
Phosphatase | Neat 1.9 0.1 1.8 1.5(0.5) NA
Assay (pg/L)
Conc 01 01 02 2.0(0.9) NA
Ames Neat NM M M M NA
Mutagenicity TA98+S9 TA98+59 TA98+59
Conc M M M M* NA
TA984S TA98+S9 TA98+S89 TA98+59
9

AT = Acutely toxic to mice, NT = not acutely toxic to mice, ND = not detected by HPLC
analysis, M = mutagenic by Ames mutagenicity assay, NM = non-mutagenic by Ames
mutagenicity assay, NA = data not available. TA981S9 = S. typhimurium strain TA98 with
and without the metabolic activator S9 mix.
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There was at times significant variation between the ‘neat sample’ and the expected ‘concentrated
sample’ results obtained from the phosphatase inhibition assay. These results could not be
explained as they were too inconsistent and the sample set too small to draw any conclusions. The
assay produced a positive response for nearly all the samples analysed, however microcystins
weré not always detected by HPLC and mouse bioassay was not sensitive enough to achieve a

positive response at the lower concentrations. These findings may be due to the following-

e The assay is not specific for the microcystins alone. Any substance which inhibits protein
phosphatases 1 and 2A will interfere and be determined as microcystin. These substances may

be produced by the cells or could be a product of the chlorination/oxidation reaction.

e All the strains tested in our study may be producing low levels of toxin which may not be

detected by mouse bioassay or HPLC analysis.

o Incomplete oxidation of the microcystins may result in a chlorinated or smaller molecule

which still displays the ability to inhibit protein phosphates 1 and 2A.

Despite the presence of phosphatase inhibition in all the samples analysed, the general trend was
of a decrease in inhibition after chlorination for strains PCC7820 and 338, both of which
contained acutely toxic levels of microcystins, and low level inhibition both before and after
chlorination for strains 023 and 031. Similarly, in a study by Lambert ez al. (1994) in which raw
and treated drinking waters were monitored for microcystins by protein phosphatase inhibition
assay over a period of 33 days, low levels of toxin in the range of 0.89 to 0.09 pug/L were detected

in every sample of both the raw and treated water,

Phosphatase inhibition assay has also been used to determine levels of microcystins in various
monitoring studies. Jones and Orr (1994) monitored by both HPLC and phosphatase inhibition
assay the biological decay of microcystin-LR in a small enclosed lake after algicide treatment.
Whilst 2 similar trend existed for microcystin release into water and degradation by both HPL.C
and phosphatase monitoring, protein phosphatase inhibition increased dramatically before
degradation commenced. Their results indicate that a biotransformation of either the microcystin

or another substance present in the lake had occurred which caused increased protein phosphatase
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inhibition, and was not detected by HPLC analysis. A similar in vitro biodegradation study of
microcystin-LR by Lam et al. (1995) did not show an increase in protein phosphatase inhibition

prior to decay.

The Ames mutagenicity tests did not show any trend of increased mutagenicity after chlorination.
Each strain of Microcystis displayed completely different mutagenicities for the various samples
analysed. Mutagenicity was only observed with strain TA98, both with and without the 89 mix. It
was expected that the non-chlorinated media would be non mutagenic in all experiments,
however, it proved to be mutagenic for strains 023 and 031. The media control for the last two
experiments was fresh BG11 media plus the quenching agent, sodium sulfite. The media control
for strains PCC7820 and 338 was BG11 media which had been used to grow the cultures. This
had had the cells removed by filtration and also contained the quenching agent. It can be deduced
from this that one or more of the initial components of the BG11 media was mutagenic to the

TA98 strain.

The microcystin producing strain PCC7820 displayed a mutagenic response for the ‘neat’ and
concentrated ‘control’ samples with TA98 with and without S9 mix. This was expected as it was
found that standard microcystin-LR at a concentration of 5 pg/mL produced a mutagenic and dose
dependent response with strain TA98 without S9 mix (Figure 14). In contrast, the more toxic
strain 338 did not produce any mutagenic response from any sample which was surprising since
this strain of Microcystis also produces microcystin-LR. These analyses were repeated to yield the
same negative response. It can only be concluded from these results that one or more components
of the samples from Experiment 2 (strain 338) was toxic to the Salmonella strains used, thereby

killing most of the bacteria resulting in very low colony counts.

Tsuchiya et al. (1992) and Juttner (1983) identified organic sulfur compounds from strains of
Microcystis aeruginosa which have been found to produce thionyl chloride on chlorination. Ames
mutagenicity testing of thionyl chloride resulted in a positive mutagenic response (Tsuchiya et al.,
1992). Tt was noted by Tsuchiya et al. (1992) that mutagenic activity also occurred with strains
TA98 with and without S9 and TA100 without S9 after chlorination of these Microcystis cultures.
Whilst mutagenicity in the chlorinated cuitures cannot be directly attributed to thionyl chloride, it

is likely that it is a contributing factor in total mutagenicity of these cultures,
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Sample Volume Number of Revertants Mean Standard
(uL) | Deviation

25 330 335 340 336.7 6.2
50 790 770 300 787 12.5
100 1340 1400 1560 1433 93

1600 -
1400 -
1200 —
1000 -

800 — =

600

No of Revertants

400 -

200 -
1 r=0.996

0 T T T T T Y T v T
20 40 60 80 100

Sample Volume (uL)

Figure 14. Microcystin-LR mutagenicity dose response curve with Salmonella typhimurium
strain TA98 without S9
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Closed loop stripping followed by GC/MS analysis of Microcystis culture 031 positively
identified two disulfide compounds along with other organic compounds commonly found in
algal cultures (Appendix). This may be a contributing factor to the mutagenicity of the chlorinated
neat samples from strain 031 and possibly strain 023. Mutagenicity due to volatile compounds
would not be expected in the concentrated sample as they would be purged from the sample
during the extraction procedure. These results are however inconclusive due to the potential
mutagenicity of the media to the Salmonella strain TA98 as shown by the positive response of the
unchlorinated media control. Clearly, further detailed studies would need to be carried out to

assess toxicity of the chlorinated cultures by Ames mutagenicity assay.
3.2 By-Products from the Chlorination of Microcystis Cultures

Strains PCC7820 and 338 were chlorinated at a cell biomass which resulted in acute toxicity to
mice prior to chlorination when 100 mL of culture was extracted, concentrated and subsequently
injected intraperitoneally in mice. The concentration of cells at the time of chlorination for
cultures PCC7820 and 338 was different due to the different growth characteristics of the two
strains. Strain PCC7820 produced less toxin than strain 338 and therefore cell numbers needed to
be higher to produce an acutely toxic effect to mice. Surprisingly the TOC of each culture was
similar despite the large difference in cell numbers (cell numbers 1.5 x 10° and 3.4 x 10°
cells/mL, TOC 5.5 and 5.1 mg/L for strains PCC7820 and 338 respectively). This is probably due
to the difference in the size of the cells, Microcystis 338 being slightly larger than PCC7820 and
contained noticeably more mucilage material than PCC7820 by examination under the

microscope. This may also account for the increased chlorine demand for strain 338.

Non-toxic strains 023 and 031 which were chiorinated at approximately 5 x 10° cells/mL had

similar TOC values and chlorine demands.

Chlorination of the two microcystin producing cultures resulted in relatively minor or non
detectable concentrations of the chlorinated disinfection by-products (DBPs) such as
trihalomethanes (THMs), haloacetic acids (HAAs), haloacetonitriles (HANS), chlorophenols and
chloral hydrate, especially after 30 minutes contact time (Tables VIII-X). They did however

produce large amounts of other unknown chlorinated organic substances after both 30 minutes
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and 24 hours chlorination. This group was measured by the total adsorbable organic halogen
(AOX) minus the known detectable chlorinated by-products. The relative distribution of the
detected chlorinated by-products for experiments 1 to 4 are represented by the pie graphs in
Figure 15. In all cases after 24 hours chlorination the relative proportion of unknown AOX has
decreased whilst the other DBPs have increased. The AOX value for the chlorinated media
control is significantly lower in all cases than for the chlorinated culture. This implies that
chlorination of the cyanobacterial cells results in a high concentration of organohalogen
precursors which over time produce the smaller detected DBPs. This is consistent with studies by
Wachter (1982) and Oliver and Shindler (1980) who demonstrated that the production of THMs
from the chlorination of cyanobacteria or cyanobacterial extracellular products increases with
time. Studies by Krasner et al. (1996) on the chlorination of raw waters containing TOC values of
2 mg/L have shown that levels of disinfection by-preducts such as THMs, HAAs and HANSs also
increases over time. Nicholson et al. (1990) also reported the increase in THM levels with time
while AOX levels remained relatively constant following chlorination at a water filtration plant, It
is not surprising therefore that the levels of the other chlorination by-products from experiments 1

to 4 such as chloral hydrate, and those mentioned previously have increased after 24 hours.

As expected, the same trend appeared for strains 023 and 031; however strain 023 produced a
significantly higher concentration of THMs and HAAs at both 30 minutes and 24 hours reaction
time compared with the other strains despite similar or lower cell biomass. It has been identified
that the ability of algal biomass and extracellular products to generate THMs varies between
species and growth phases of a culture (Thompson, 1978; Oliver and Shindler, 1980; Van

Steenderen et al., 1988). This then is most likely the case for the generation of HAAs also.

Culfurcs of strains 023, and 031 had similar AOX values after 30 minutes chlorination (Table
XI), however, after 24 hours chlorination the proportion of chlorinated DBPs and AOX was quite
different. This difference in proportions of DBPS produced by each culture suggests a difference
in the nature of the precursors. This is similar to the behaviour of chlorine with natural organic
matter (NOM). It has been shown that the consumption of chlorine by NOM is greatest with the
phenolic humic substances and that there exists a correlation between the formation of DBPs such
as chloroform, dichloroacetic acid, and trichloroacetic acid with the phenolic component of

aquatic humic substances (Harrington et al., 1995§ Reckhow et al., 1990).
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Figure 15. Distribution of chlorination by-products for strains PCC7820, 338, 023 and 031
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A summary of results of chlorination DBPs is given in Tables VIII to XI. No chlorophenols were
detected in any of the samples. The main chlorinated by-products detected included chloroform,
chloral hydrate, trichloroacetic acid, dichloroacetic acid and dichloroacetonitrile. Traces of
trichloroacetonitrile were also detected. Similar results were obtained in a study by Tsuchiya and
Watanabe (1994) on the chlorination of M. aeruginosa strain TACS51 where the predominant
disinfection by-products were formaldehyde, chloroform, chloral hydrate, dichloroacetonitrile and
bromodichloromethane. Formaldehyde was detected in that study at relatively high levels (>1000

ng/L). Formaldehyde was not determined in this study.

Detected levels of chloral hydrate for experiments 2 and 3 after 24 hours chlorination exceeded
the guideline limit of 50 pg/L. Whilst it is not expected that cyanobacterial cell concentrations
would often reach levels of 5 x 10° cells/mL in water entering a water treatment plant, the
additive effect of by-products produced from naturally occurring organic matter should be

considered and it is possible that guideline values could be exceeded under some conditions.

It was not possible to identify by-products specific to the chlorination of toxic strains of
Microcystis in this study as it would be necessary first to characterise the products from the
chlorination of pure microcystin. Time and resources were not available for a more detailed study,
however some indication of the sites of attack can be found in the literature. Given the structure
of the peptide hepatotoxins, the primary site of oxidation would be expected to be the conjugated
diene of the Adda side chain. This Adda site is extremely important for toxicity and geometrical
isomerism around these double bonds is sufficient to eliminate acute toxicity (Harada et al.,
1990a,b) and also to significantly reduce inhibition of protein phosphatases (Nishiwaki-
Matsushima et al., 1991; Fujiki et al., 1996).

Hydrogenation or ozonolysis of this diene system has also been reported to produce an inactive
compound (Namikoshi et al., 1989). Oxidation of this diene system of Adda has been employed
in analytical methods for the indirect determination of microcystins by determining the
concentration of one of the oxidation products. Sano et al. (1992) utilised oxidation with
potassium permanganate and sodium periodate to produce 2-methyl-3-methoxy-4-phenyibutyric
acid (MMPB) which was determined by gas GC or HPLC. This method has been employed for
the determination of microcystins in Japanese lakes (Tanaka et al., 1993), Harada ef al. (1996)
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employed ozone as the oxidant to produce MMPB which was determined by gas
chromatography/mass spectrometry (GC/MS) or liquid chromatography/mass spectrometry
(LC/MS). Based on these results, oxidation would thus be expected firstly to cleave the Adda side
chain to produce MMPB as one product and to eliminate acute toxicity. It is difficult to speculate
as to what might be the sub-lethal toxicity of the oxidation products. These would need to be
tested to determine their likely effects if present as contaminants in drinking water. However the
considerable reduction in acute toxicity following oxidation may suggest that the by-products are
relatively benign. The trends observed in the toxicity studies described in section 3.1 support this

conclusion.
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4 SUMMARY AND CONCLUSIONS

The results presented indicate that chlorination is capable of removing acute toxicity from
hepatotoxic cyanobacterial material as determined by HPL.C and mouse bioassay. Although acute
toxicity was eliminated, it appeared that subacute toxicity was still apparent as detected by the
phosphatase inhibition assay. However toxicity by phosphatase inhibition was also apparent in the
strains of Microcystis which did not show acute toxicity in mice at 500 mg/kg and at concentrations
of 2.8 ug/L and less than 0.5 pg/L as determined by HPLC analysis. It cannot be assumed therefore
that phosphatase inhibition at these low levels is due to the presence of microcystins or toxic by-
products until an analytical technique specific for these compounds is developed that will enable
comparative analysis at levels less than 0.5 pg/L. Despite a positive response for phosphatase
inhibition from nearly all the samples analysed, the strains of Microcystis which contained toxins

by HPLC analysis all showed a trend towards decreased phosphatase inhibition after chlorination.

A correlation between the production of by-products from the chlorination of M. aeruginosa
cultures and the toxicity of the cultures as determined by Ames mutagenicity cannot be made from
these results. Toxicity of the cultures after chlorination as determined by Ames mutagenicity assay

could not be attributed to microcystin by-products as non-toxic strains were also mutagenic.

The detected by-products from the chlorination of toxic and non-toxic strains of M. aeruginosa
include chloroform, chloral hydrate, trichloroacetic acid, dichloroacetic acid, dichloroacetonitrile
and traces of trichloroacetonitrile. Large concentrations of unknown chlorinated by-products were

also produced as determined by adsorbable organic halogen (AOX) analysis.

From the results of this study, it is clear that the possibility exists for high levels of DBPs to be
produced in treated drinking waters if water supporting a bloom of cyanobacteria entering a water
treatment plant were prechlorinated. To prevent this from occurring, either the intact
cyanobacterial cells would have to be removed before chlorination or sophisticated water

treatment techniques would have to be employed for the removal of by-products.
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5 RECOMMENDATIONS

The original aim of this project was not sufficiently achieved. Further work is needed to
determine the specific by-products from the chlorination of the microcystin toxins and subsequent
assessment of the toxicity of these by-products to ensure that safe drinking water is being
delivered to communities where drinking water supplies are affected by hepatotoxic

cyanobacterial blooms.
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8 APPENDIX

Closed loop striping analysis followed by GC/MS analysis resulted in the following GC scan with

identification of the labelled compounds by mass spectral library match.
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