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ABSTRACT 

Ozone treatment is being considered as an alternative to 

chlorination for water disinfection. One concern is the production of 

mutagenic try-products in ozonated water, analogous to production of 

trihalomethanes in chlorinated water. The mutagenic activity of several 

model organic compounds, both with and without ozone treatment, was 

investigated in an aqueous system. The mutagenesis assay used was the 

Salmonella/mammalian microsome test (Ames test); the tester strains 

were TA98 and TA100, with bioactivation supplied by rat liver S9 

fraction. The compounds tested were phenol, resorcinol, rutin, lignin, 

and humic and tannic acids (the last three compounds are known to occur 

in natural or industrial process waters). No ozone-treated compound 

showed any increase in mutagenic activity over control, with the 

possible exception of lignin. 
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INTRODUCTION 

The ideal of high quality drinking water has teen taken for 

granted in this country since the early part of this century, due mainly 

to the use of chlorination in water treatment. During the 1970's our 

concept of "safe" drinking water underwent some revisions as various 

studies "began to identify halogenated organics in water supplies around 

the United States. Recently the emphasis in water quality has begun to 

shift from microbiological quality, which obviously must be maintained, 

to a concern about the health effects associated with chronic low-dose 

ingestion of compounds present in water which are potentially carcino

genic or mutagenic. This concern has given impetus to a number of 

investigations dealing with various aspects of water treatment, partic

ularly alternative or supplementary methods of treating water and the 

detection of mutagenic or carcinogenic activity in water by means of in 

vitro tests. 

Water Treatment Studies 

One of the early systematic investigations of the relationship 

between chlorination and the appearance of trihalomethanes (THM) in 

drinking water was that of Bellar, Lichtenberg and Kroner (197*0 • Bellar 

and co-workers examined water obtained at several points along a water 

treatment process, from untreated water to finished drinking water, for • 

the presence of THM. They observed that each addition of chlorine to 

1 



the water caused an increase in the concentration of trihalomethanes, 

and further, that the concentration of trihalomethanes increased with 

increasing chlorine contact time up to fifteen hours. The conclusion 

was reached, based on these observations, that the halogenated organics 

were introduced by the chlorination process itself, and were not present 

as an impurity of the chemicals used in treatment. 

In late 197^ and early 1975 the Environmental Protection Agency 

(EPA) undertook a major study to gauge the extent of drinking water 

contamination by halogenated organics. The National Organics Recon

naissance Survey for Halogenated Organics (Symons et al., 1975) took 

water samples from eighty cities around the United States for a study 

with these major objectives: 

1. to determine the concentration of six halogenated organics 

(chloroform, bromodichloromethane, dibromochloromethane, 

bromoform, carbon tetrachloride and 1,2-dichloroethane) in 

drinking water. 

2. to determine the effect of different untreated water sources 

sind water treatment practices on the formation of the compounds 

listed above. 

3. to characterize the organic content of finished water from the 

major types of untreated water sources used throughout the 

United States. 

The results of this massive study produced the same conclusions 

as the investigations of Bellar et al., that chlorination itself was the 
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major contributor of halogenated organics to finished drinking water. 

With respect to the influence of water source and type of treatment, the 

NORS study found that untreated groundwater yielded, a lower average TTHM 

(total trihalomethane) level, and that municipalities practicing chlorin-

ation of untreated water (such that a chlorine residual was produced) had 

a higher average TTHM level. 

In 1976 Rook published the results of an investigation into the 

specific organic precursors of THM, and reported that m-hydroxy aromatic 

compounds produced high levels of chloroform. This finding is signifi

cant because m-hydroxy aromatic groups are commonly found in humic and 

fulvic acids, which may be present in uncontaminated natural waters. 

The academic interest in trihalomethane-contaminated drinking 

water became more practical when Glatz et al. reported in 1978 that muta

genic activity was detected in the drinking water supplies of several 

U. S. cities (see also Loper et al., 1978). ' The Ames test was used to 

examine both untreated water and finished (chlorinated) drinking water. 

The authors concluded that the treatment process could have been respon

sible for the appearance of mutagenic activity in.several samples. The 

results of this study reinforce the findings of Bellar (197^0» Symons 

(1975) and Rook (1976), all of which indicated that the chlorination 

process contributes detrimental halogenated organic compounds to water 

supplies. 

More recent work has focused on halogenated organics other than 

trihalomethanes. Two studies reported in 1980 (Cheh et al., 1980; 

Maruoka and Yamanaka, I98O) had very similar findings: water treated by 

chlorination and evaluated by the Ames test produced non-volatile direct 



acting mutagen(s) whose mutagenic activity was depressed by additon of a 

metabolic activating system. In both instances, the mutagen(s) acted 

primarily through a base-pair substitution mechanism (detected by Salmo

nella strain TA100), but no identification of any specific mutagen was 

attempted. The study by Cheh and co-workers also investigated the effect 

of dechlorination with sodium sulfite after chlorination, and it was 

found that this treatment could reduce mutagenic activity approximately 

50 - 80 %. Another study published at the same time (Fallon and 

Pliermans, I98O) reported that the fraction of organic material in water 

mainly responsible for production of mutagenic halogenated compounds has 

a molecular weight of less than 2000 MW. The authors point out that this 

low molecular weight fraction is responsible for both volatile and non

volatile mutagens formed by chlorination. 

Another aspect of water treatment that must be considered is the 

processing of industrial wastewaters, to improve their quality so they 

may be safely returned to larger water supplies. In this circumstance 

the goal of water treatment is not usually complete disinfection but 

rather control of color and odor by the process of oxidation. Recent 

work done by Canadian and Swedish investigators (Nestmann, 1980; Rannug, 

1981) has been directed toward examining certain types of industrial 

wastewaters (pulp and paper mill effluents) for mutagenic activity and 

identifying some of the mutagenic compounds present in these effluents. 

These studies are of interest here because pulp mill effluents contain 

compounds that were once "natural" or the degradation products of these 

natural substances, e.g. lignin, tannins and their breakdown products. 

Certain of these compounds have been demonstrated to leach into a 



groundwater supply (Sweet and Fetrow, 1975)• Because of this it is impor

tant to know how water treatment processes interact with these types of 

compounds. The studies of Nestmann and Rannug exemplify the two differ

ent approaches that can he taken to this problem. 

Nestmann et al. (1980) screened a large number of compounds for 

mutagenic activity using the Ames test. These compounds had been identi

fied separately as occurring in pulp mill effluent. In this study each 

compound was tested individually against Salmonella, and only two of 48 

compounds screened were found to have mutagenic activity; these were 

tetrachloropropene and pentachloropropene, both highly chlorinated 

organics (a modification of the Ames test revealed three volatile 

mutagens among those screened: dichloromethane, dichloroethane and tri-

chloroethane). An interesting point about the mutagenic activity of 

these compounds is that the addition of S9 fraction for metabolic acti

vation decreased their mutagenicity; both compounds are direct-acting 

mutagens. It must be pointed out that this study did not examine syner

gistic or additive effects of a multiple component system. 

A study done by Rannug et al. (1981) approached the problem of 

mutagenicity in pulp effluents by examining the whole effluent as a 

complex mixture. The effluent had been treated by a conventional pulp 

bleaching process utilizing chlorine, hypochlorite and chlorine dioxide 

sequentially, and almost predictably, mutagenic activity was found in the 

effluent. Here again, the mutagenic effect was direct (requiring no 

bioactivation; cf Nestmann et al., 1980) and was reduced by the addition ' 

of the metabolizing system. The investigators are now faced with the 



unenviable task of attempting to identify the specific compounds and 

interactions that are responsible for the observed mutagenicity. 

Another line of research that was developing concurrently with 

trihalomethane studies was the examination of ozone as a possible supple

mentary water treatment. Ozone has a long history in water treatment but 

. it has never been considered as feasible as chlorine for routine water 

treatment. However, the recent research findings on chlorination have 

prompted a renewed interest in ozonation. Several investigators have 

looked at the products of ozone-treated organics in aqueous solution in 

much the same way that chlorination products have been studied. 

In 1977 Cotruvo, Simmon and Spanggord published a progress report 

on their work using two ±n vitro microbiological screening systems to 

examine a wide variety of compounds that had been treated with ozone. 

The microbiological assays, Salmonella/mammalian microsome test (Ames 

test) and Saccharomyces cerevisiae test, were used in conjunction with 

analytical methods (including TLC, HPLC, TOO determination and Gc/MS) to 

identify any mutagenic by-products of ozonation. Among the compounds 

tested were phenol, humic acid, benzidine dihydrochloride and wastewater 

effluents treated by several methods. They found no mutagenic activity 

due to phenol prior to ozonation, but toxic products were formed by 

ozonation and only the two highest doses tested against Saccharomyces 

were mutagenic after ozonation (no mutagenic activity was detected in the 

Ames test). Unfortunately the length of ozone treatment was not speci

fied, but it appears that the phenol was not treated long enough to cause 

the benzene ring to open, since the products of ozonation are reported to 

be catechol and resorcinol. In the case of humic acid, neither the 
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source of the humic acids nor the length of ozonation is reported; no 

'mutagenic activity was detected in either assay before or after ozone 

treatment. The wastewater effluents were also noted as showing no muta

genic activity under the conditions of the study. Benzidine is mutagenic 

in one strain of Salmonella with bioactivation; after treatment with 

ozone, it is reported to "be active with or without bioactivation. 

Cotruvo et al. postulate that this appearance of mutagenic activity may 

be due to oxidation of the amine function. 

Along with increasing evidence that chlorination could cause a 

potential health hazard, investigators were examining ways to remove the 

organic compounds that serve as precursors in the chlorination process. 

In theory this presents a good solution to the dilemma posed by chlorin

ation, but in practice it has provided a number of other problems. 

Granular activated carbon appears to be the most efficient means of 

removing trihalomethanes and its use has been incorporated in the EPA's 

proposed amendment to the National Interim Drinking Water Regulations 

(Gillies, 1978; Fed. Reg. vol. 43, no. 28, 2/9/78), but ozone may have 

an application in this area as well. Trussell and Umphres (1978) 

reviewed the formation and removal of THM and discussed the use of ozone 

to reduce THM precursors prior to chlorination. Factors that have an 

influence on the ability of ozone to decrease THM precursors includes 

1. total organic carbon (TOC) and its specific characteristics in a 

given water supply. This relates to the "ozone demand" of a water, 

which must be determined empirically for each water supply (ozone 

demand is analogous to chlorine demand, but is usually 2-3 times 

higher for the same water). 



2. the content and concentration of Inorganic species in the water; 

in particular, iron and manganese interfere with the ozonation 

process and decrease its efficiency. 

3. efficiency of ozone transfer from contactor to water. This 

parameter is intensively studied in order to optimize the design of 

the contactor. 

4. variation in the chlorine contact time (after ozonation). The 

formation of THM in ozonated and unozonated water which is subse

quently treated with chlorine varies, depending on the length of time 

the chlorine is allowed to react with the water. 

5. variation in time between ozonation and chlorination. Studies 

in this area have produced conflicting results and further study is 

needed .to determine if this variable is of any importance. 

6. pH of water can affect the reaction mechanism of ozone and its 

half-life in solution. 

The latter factors of pH and subsequent chlorination become par

ticularly important when it is considered that ozonation is best viewed 

as a supplementary form of water treatment, rather than as a complete 

replacement for chlorination. 

In a series of experiments carried out between 1976 and 1979 

Gruener investigated the mutagenic activity of concentrated recycled 

water, with and without ozone treatment. The water in these studies was 

municipal wastewater subjected to biological and chemical treament fol

lowed by groundwater recharge. In the 1976 study the water was not 

treated with ozone and no increase in mutagenic activity, assayed'by the 

Ames test, was detected. In the next study (Gruener, 1978) the 



concentrated recycled groundwater was subjected to ozonation ranging from 

15 to 90 minutes prior to testing against Salmonella in the Ames test. 

The water showed no increased activity prior to ozonation, but did show 

increased mutagenic activity in both strains used (TA98 and TA100) after 

15 minutes of ozonation. Interestingly, bioactivation was not required 

to demonstrate mutagenicity in either strain, implying that the mutagens 

formed by ozonation are direct-acting (although the specific compounds 

responsible for the activity have not yet been identified). 

In the latest study (Gruener and Lockwood, 1979) Gruener again 

examined concentrated recycled water, without ozone treatment, but with 

additional_in vitro tests for mutagenicity and mammalian cell transfor

mation that conferred increased sensitivity on the screening system. The 

water was also tested in the Ames test, as in the initial (1976) study. 

Gruener's findings in the Ames test confirmed his earlier results, e.g. 

that no increased mutagenic activity was detected in Salmonella. However 

the mammalian cell transformation assay (transformed WI-38 cells' ability 

to grow in soft agar) was positive in cells treated with the concentrated 

recycled water. Further, the mutagenesis assay with mammalian cells 

(ouabain resistance of V79 cells from Chinese hamster lung) demonstrated 

an increase in indirect mutagenesis (i.e. bioactivation is required) 

without an increase in direct mutagenesis (no requirement for bioacti

vation). The results of these latter tests point to the need for a 

series of in vitro tests when doing mutagenicity testing. None of the 

mutagenicity assays currently in use is able to detect all possible 

mutations caused by environmental agents, so it is essential to consider 
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data from several tests when evaluating any compound or complex mixture 

for mutagenic activity. 

Gruener (1979) discussed briefly the observation that concen

trated recycled water induced mammalian cell transformation whereas 

treatment with two known carcinogens, benzo(a)pyrene (BP) and N-methyl-

N'-nitro-N-nitrosoguanidine (MNNG), failed to induce cell transformation. 

He attributed this difference to the presence of promoting agents in the 

recycled water, which represents a complex mixture of organic and 

inorganic compounds. He pointed out that a similar situation may exist 

in mutagencity testing of ozonated water, where complex interactions 

between compounds in a "whole water" sample may not be reflected in the 

ozonation of single compounds in aqueous solution. This is likely to be 

true, since other investigators working with single compounds in water 

treated with ozone (Cotruvo, 1977; Burleson, 1979» Caulfield, 1979) 

frequently failed to observe increases in mutagenic activity; on the 

other hand, the task of identifying the mutagenic principle(s) in a com

plex mixture can be monumental. 

Two studies done in 1979 did approach the question of water 

treatment with ozone by examining simple models of organic compounds in 

aqueous solution." Burleson, Caulfield and Pollard (1979) studied the 

fate of selected mutagenic and carcinogenic aromatic amines and poly-

aromatic hydrocarbons in ozone-treated water by using a modified Ames 

test. Carcinogenicity testing in vivo was also done on two compounds in 

an attempt to correlate any loss of mutagenicity with a loss of carcino

genicity. Ozonation was carried out over relatively short times (2-4 

minutes, up to 10 minutes for three compounds), but in all cases ozone 
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treatment caused loss of mutagenic activity as measured by the Ames test. 

The two compounds selected for carcinogenicity testing (7»12-dimethyl-

benz(a)anthracene, DMBA; and 3-methylcholanthrene, MCA) were tested in 

the form of a hexane extract of the ozonated water. In each case the 

test animals developed significantly fewer tumors than animals treated 

with a hexane extract of the compound treated with oxygen instead of 

ozone. 

In a companion study Caulfield, Burleson and Pollard (1979) 

studied the effect of ozonation on a variety of known mutagens and car

cinogens (including alkylating agents, pesticides, "benzidine and afla-

toxin B^). The mutagenesis assay was again a modified Ames test and 

ozonation time varied from 5 to 60 minutes. Five compounds (captan, 

Dexon, aflatoxin B^, bis(2-chlproethyl)amine and sodium azide) showed a 

rapid (less than 2 minutes of ozone treatment) decrease in mutagenicity, 

whereas three compounds (beta-propiolactone, propanesultone and MNNG) 

showed no loss of mutagenic activity upon treatment with ozone for 10 

minutes. Three other compounds yielded ozonation products that exhibited 

mutagenic activity for varying lengths of time. Benzidine produced an 

ozonated product that required no bioactivation in strain TA98 (cf. 

Cotruvo et al., 1977)» but this product lost its mutagenicity if benzi

dine was treated with ozone for more than two minutes. Two hydrazines, 

1,2-dimethylhydrazine (DMH) and 2-hydroxyethylhydrazine (HEH), also 

exhibited mutagenic activity after ozonation (DMH was ozonated for 60 

minutes and HEH was ozonated for 15 minutes); however, the mutagenic 

product of HEH was unstable and lost its activity within 18 hours. The 

ozonated products of both DMH and HEH were active in TA1535» a strain of 
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Salmonella that is sensitive to alkylating agents, so it is likely that 

•ozone reacted with the hydrazine compounds to form a car Ionium ion which 

could alkylate the bacterial DNA. 

Model Compounds 

The complicated nature of certain substances found in natural 

waters makes their investigation no easier. The compounds studied irf 

this project might be present in either natural water or industrial 

process water. A brief summary of the sources and structures of rutin, 

lignin, tannic acid and humic acid will serve to highlight some of the 

problems associated with their investigation. 

Rutin. (Rook, 1976; Hardigree and Epler, 1978) 

1. Source: variety of plants (eucalyptus, buckwheat, forsythia, 

magnolia, tea, tobacco). 

2. Structure: sometimes used as a model compound for fulvic acid 

because of meta-positioned hydroxy1 groups on one benzene ring. 

OH 
HO 

i-rutinose 

Lignin. (Merck Index, 1976; Chrostowski, 1981) 

1. Source: polymer found in wood; .can leach into water supplies, 

also found in pulp effluent. 

2. Structure: not definitely known but its oxidation products are 

similar to those of coniferyl alcohol. Probable monomers of 

lignin are the following: 
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HfcCHCHgOH IHCHgOH hc=chch2oh 

OCH^ GH^O OCH, 
'3 

coniferyl alcohol sinapyl alcohol coumaryl alcohol 

Tannic acid. (Merck Index, 1976; Steelink, 1977) 

Source: found in bark and leaves of trees and plants 

(particularly oak and sumac); can leach into water supplies, 

may "be found in pulp effluent. 

Structure: not definitely known, but tannins as a whole have 

very complex chemistry and are divided into two major groups 

with different structural features: 

a. " condensed tannins:, derivatives of flavonols. 

b. hydrolyzable tannins: includes tannic acid; esters of a 

sugar (usually glucose) with one or more trihydroxybenzene-

car boxylic acids. Hydrolyzable tannins are further sub

divided ly the type of carboxylic acid, gallic acid or 

ellagic acid. Possible tannic acid structure: 

Humlc acid. (Merck Index, 1976; Steelink, 1963 & 1977; Wershaw, 

1977; Trussell, 1978; Thurman, 1979) 

Source: found in soils, coal and peat, from decomposition of 

plant matter or polymerization of smaller compounds; also found 

where G represents gallic acid 

COOH 
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in water due to leaching from primary sources. 

Structure: large complex polymer with these major features: 

a. polyphenolic functional groups 

b. quinoid groups 

c. benzenecarboxylic acid groups 

The higher, more complex organization of these simple units is 

still being investigated and debated. 

Humic .acid is defined by its solubility behavior: the fraction 

of soil organic matter soluble in dilute base but insoluble in 

in acid and alcohol. Its molecular weight ranges from 5000 to 

100,000. By contrast, fulvic acid is defined as the fraction of 

soil organic matter that is soluble in both dilute base and acid; 

its molecular weight rpnge is 300 to 2000. 

Humic acid is notable for its ability to chelate and transport 

metals (particularly iron) through soil and water. 

Comparison of soil and aquatic humic and fulvic acids: 

a. the ratio of humic acid/fulvic acid in soil is approximately 

3/l. In water this ratio is roughly reversed, l/3 in favor 

of fulvic acid. 

b. fulvic acid is a smaller molecular weight species than humic 

acid and is probably more readily leached into water supplies. 

c. comparison of elemental composition of fulvic acids isolated 

from soil, surface and ground waters reveals no dramatic 

differences in composition (Appendix I). 



15 

Ozonation 

Ozone is triatomic oxygen, formed in nature try ultraviolet 

irradiation of the upper atmosphere or try electrical discharge. One 

striking feature of ozone is its great oxidizing capacity, reported to 

"be 2.07 V (White, 1972). Depending on the experimental conditions (see 

following section), the oxidizing capability of ozone may actually result 

from its decomposition to hydroxyl radical (OH), whcih has a reported 

oxidation potential of 2.8 V (Peleg, 1976). Regardless of which species 

is present in aqueous solution, the oxidation potential of ozone is as 

high or higher than any other oxidant commonly used in water treatment 

(White, 1972). 

For the purpose of water treatment ozone must go into solution; 

this problem of the mass transfer of ozone from carrier gas to water is 

most often described by the two-film theory of mass transfer (although 

other theories have been advanced to explain the phenomenon). The two-

film theory holds that films (both gas and liquid) control the mass 

transfer of ozone because the process of diffusion through the films is 

much slower than the process of mixing that occurs in the bulk phases 

(figure l). On the basis of this theory it is possible to optimize cer

tain parameters of ozone contactor design (McCarthy and Smith, 197^) as 

follows: 

1. maximum diffusion areas need small bubbles for a large bubble-

area-to-gas- volume ratio. 

2. thin film: need turbulence to reduce film thickness, where 

resistance to ozone transfer is greatest. 

3. high ozone concentration in gas phase: need to create a large 
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concentration difference between gas and liquid phase in order 

to maintain an equilibrium favorable to ozone's solution in the 

liquid phase. 

As mentioned earlier ozone can be generated try UV irradiation of 

air or oxygen, or by electrical discharge across a gap in which air or 

oxygen is present. Electrical discharge is the most efficient method of 

generating ozone, and when oxygen is used as the parent gas an electrical 

discharge generator can produce a maximum of 5~&f° ozone. Once ozone is 

introduced into water its solubility depends on water temperature and 

partial pressure: solubility increases with decreasing temperature and 

increasing pressure (White, 1972). 

The decomposition of ozone once it is in solution may play a very-

important role in its effectiveness as a type of water treatment. Work 

done try Hoigne and Bader (1976; 1979) has elucidated the two reaction 

pathways that ozone or its decomposition products may follow in aqueous 

solution (figure 2). Ozone in acidic solution may react predominantly 

as an electrophile or as a 1,3-dlpole without undergoing significant 

decomposition. This type of reaction is a direct oxidation of an organic 

species, and it is highly selective for unsaturated bonds and benzene 

rings that are substituted with electron-releasing substituents (e.g., 

methyl, hydroxy and methoxy groups). Either electrophilic attack or 1,3-

dipolar cycloaddition will yield the same products in reaction with 

phenol, although they do have different intermediates (figure 3)• The 

important point is that this reaction pathway can lead to opening of the 

benzene ring and further degradation to one and two carbon fragments. 
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Figure 1. Two-film theory of ozone mass transfer (adapted from 
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Figure 2. Reaction pathways of ozone in aqueous solution, 
(adapted from Hoigne and Bader, 1976) 
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It should be noted here that ozonation as it is practiced in water treat

ment rarely yields the one and two carbon products (Rice, 1980). 

At alkaline pH the decomposition of ozone to hydroxyl radical may 

predominate. The hydroxyl radical reportedly has an even higher oxidaA 

selective. It may react with scavenger species such as carbonate, bicar

bonate, aliphatic alcohols or acetone (Hoigne and Bader, 1976; 1979) to 

yield an inactive or less reactive radical species that may go on to 

oxidize organic material-. The hydroxyl radical may also abstract 

hydrogen from a phenolic compound, in addition to opening the benzene 

ring; thus, a polyphenolic compound could result from ozone decomposition 

and hydroxyl radical attack, rather than ring opening and degradation 

(Chrostowski, 1981): 

Note that this product is a m-hydroxy aromatic compound; if water con

taining phenols or humic acid were treated with ozone to remove THM pre

cursors and subsequently chlorinated the result could actually be a 

higher yield of THM (Rook, 1977). This phenomenon has in fact been 

observed in several locations that use ozone to decrease THM precursors 

(Rice, 1980). One final observation about the hydroxyl radical is its 

preferential reaction with organic material over particulate matter 

(Peleg, 1976; Hoigne, 1976). This means that any organic solutes will 

exert an "ozone demand" that must be met before particulates, such as 

microorganisms, will be attacked at a significant rate. 

tion potential than ozone (Peleg, 1976), but its reactions are less 
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Ozonation as a method of water treatment has been used in Europe 

for complete disinfection but in the United States its use has been 

restricted mainly (although not entirely) to oxidation for the purpose 

of taste and odor control (Kinman, 1975! Rice, 1978, 1980)• In the U.S. 

the average conditions of ozone use in water treatment are 1-7 mg/L ozone 

dosage and 6-12 minutes contact time (Rice, 1980). Ozone dosage is 

defined by White (1972) as "the ratio between the weight of ozone in the 

entering air and the weight of water treated" and he further defines the 

ozone demand of a water as "a function of the amount of oxidizable 

organic matter present in the water to be treated". This definition of 

ozone demand immediately points to one of the major disadvantages of 

ozonation for water treatment: its reaction with any given water must 

be determined on an individual basis, in order to determine the feasi

bility of ozonation. Other disadvantages of ozonation are its cost, lack 

of residual (to prevent recontamination), interference by iron and man

ganese, and the toxicity of ozone gas to water treatment personnel. On 

the other hand, ozone has definite advantages over other types of water 

treatment: its oxidizing capacity, good efficiency as a disinfectant, 

and an apparent lack of any harmful residuals or try-products. 

Mutagenesis Assay 

The Salmone11a/mammalian microsome test (Ames test) is a bacte

rial mutation assay which has been used extensively in numerous applica

tions in recent years. The use of this in vitro test, and others based 

on prokaryotic or eukaryotic microorganisms, has generated a tremendous 

amount of debate among scientists working in the fields of mutagenesis 

and carcinogenesis (Flamm, 1977» Rinkus and Legator, 1980; de la Iglesia, 
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1980). The controversy centers on the appropriate use of these in vitro 

tests in the task of screening large numbers of chemicals and environ

mental pollutants; this discussion will attempt to highlight the argu

ments for and against the use of the Ames test. Before taking up these 

points a "brief description of the assay and the strains used in this 

project will be given. 

Salmonella typhimurium strains TA98 and TA100 are histidine-

deficient mutants that revert to histidine prototrophy in the presence of 

certain types of mutagens. This assay can be made to simulate _in vivo 

mammalian metabolism by the addition of an enzyme preparation, usually 

from rat liver. The strains TA98 and TA100 detect frameshift mutations 

and base-pair substitution mutations respectively and have several fea

tures which are designed to increase their effeciency in detecting muta

gens; these are 

1. deep rough character (rfa) which is a change in the lipopoly-

saccharide coat of the bacterial cell that allows larger 

molecules to enter. 

2. uvrB deletion which eliminates an excision repair system for 

DNA and allows greater expression of DNA damage. 

3. a plasmid which confers resistance to ampicillin and in some 

unknown way increases the sensitivity of the bacteria to the 

mutagen (Ames et al., 1973; McGann et al., 1975)* 

In some instances the increased sensitivity conferred try the plasmid can 

cause a mutagen to be missed because the plasmid also causes an increase 

in spontaneous (or background) reversion rate which can mask the response 

of a weak mutagen (Rinkus and Legator, I98O); conversely, the plasmid 
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may also convert cell damage Into a mutation that would not appear in a 

•bacterial cell without the plasmid (Bridges, 1976). 

The Ames test is one representative of the class of reverse muta

tion assays. A reverse mutation assay detects reversion from the mutant 

back to the original wild-type strain, whereas a forward mutation assay 

detects mutation from the wild-type to some mutant strain. Any reverse 

mutation assay requires a very specific mutational event to cause rever

sion to the wild-type allele; the mutation must occur at the site of the 

original mutation (for "base-pair substitution mutations) or very near 

the original site for frameshift mutations (Fishbein, Flamm and. Falk, 

1970; Flamm, 1977)• This is in contrast to the forward mutation assay, 

which does not have such specific site requirements, but does have the 

drawback that any of a wide variety of mutations might occur and each 

must be detected. Mailing (1972) has succinctly stated the problem of 

the reverse mutation assay by pointing out that a positive result in such 

a test indicates mutagenicity, but a negative result may mean the com

pound is not mutagenic under test conditions, or the compound cannot 

react with DNA at an appropriate site to cause detectable reversion. 

Perhaps the most important argument for the use of _in vitro 

microbial tests is the basic similarity of all DNA, whether it be micro

bial or mammalian. At the level of the DNA itself, the informational 

function is the same (Drake and Flamm, 1972; Flamm, 1977! Rinkus and 

Legator, 1980). The higher levels of organization of DNA (associated 

proteins, arrangement into chromosomes, etc.) do differ between mammals 

and microorganisms, and these differences may be very important indeed. 

But the task of examining large numbers of chemicals for mutagenicity 
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is important enough to offset this to some extent. The uniformity of the 

genetic code is a reasonable basis for such a task. 

A second point in favor of using iri vitro tests to detect muta

genic damage is the somatic mutation theory of carcinogenesis. One of 

the more prominent reasons for concern over mutagenesis is the concept 

that a mutational event in the DNA of a somatic cell may lead to the 

development of neoplasia (Miller and Miller, 1971)• The somatic mutation 

theory of carcinogenesis is only one of several theories currently being 

developed, and various investigators have pointed out that there is very 

likely more than one mechanism of carcinogenesis (Miller and Miller, 

1971» de la Iglesia et al,., I98O). Multiple mechanisms of carcinogenesis 

seem entirely reasonable, and if so, no single in vitro or in vivo test 

will give adequate information on a potential mutagen or carcinogen. 

Accepting that handicap, the somatic mutation theory still holds a great 

appeal in that the relationship between mutagenesis and carcinogenesis 

is brought specifically to the level of DNA: unrepaired damage in DNA is 

mutagenesis and may well lead to carcinogenesis. 

Before leaving the subject of somatic mutation, it should be men

tioned that most ultimate carcinogens are now considered to be electro-

philes (Miller and Miller, 1977). An electrophile can attack any 

cellular nucleophile (DNA, RNA or proteins), but the attack on DNA is 

certainly the crucial e.vent for mutagenesis and may be for carcinogenesis 

as well. One note of interest here is that ozone can act as an electro

phile and several studies have been done to determine if ozone acts as a 

mutagen or carcinogen (Guerrero et al., 1979; Zitnik et al., 1978)• 

Guerrero found a dose-related increase in sister chromatid exchanges 
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(SGE) when examining human fetal lung cells exposed to ozone in vitro, 

but when human lymphocytes were exposed to ozone in vivo and subjected 

to SCE analysis there was no increase over control. Thus he postulated 

an in vivo protective effect against the mutagenic action of ozone and 

attributed this protection to biological nucleophiles such as serum 

proteins and glutathione. 

The arguments against the use of the Ames test (or rather its 

indiscriminate use) appear to rest on three points. First, there is the 

problem associated with any reverse mutation assay, which was discussed 

above: the requirement for a highly specific mutational event, and the 

attendant doubt that this casts upon a negative result. The second point 

concerns the organizational level of genetic material in the test or

ganism, and the last point deals with the correlation between mutagen

icity data obtained in the Ames test and carcinogenicity data obtained 

in whole animal tests. In one sense these latter points overlap, since 

much of the difficulty in correlating mutagenicity and carcinogenicity 

data stems from the attempt to force a bacterial system to simulate a 

mammalian system. 

One of the major disadvantages of the Ames test (which can also 

be viewed as an advantage, if one is so inclined) is the fact that the 

genetic material of the test organism is simple when compared to the 

genetic material of mammals. The single bit of bacterial DNA is not even 

confined within a nucleus. This type of system can only yield informa

tion about gene mutation whereas more complex systems can give higher 

levels of information (de la Iglesia et al., 1980). Furthermore, there 

are important differences between microbes and mammals that might have a 



dramatic influence on the ability to extrapolate from simple to complex 

systems. These differences include metabolism, membrane specificity, 

and hormonal influences (Rinkus and Legator, 1980). Hormonal influences 

will not be dealt with here, nor will membrane specificity, except to 

point out that molecular size and lipophilicity of test compounds are 

two factors to consider when applying microbial data to mammalian sys

tems. 

The question of metabolism in any bacterial test has two aspects: 

one, how to simulate mammalian metabolism, and two, how to avoid metab

olism that is uniquely microbial (such as nitroreductases not present in 

mammals). Bacterial metabolism can be modified to some extent by manip

ulation (Ames, Lee and Durston, 1973a> McCann et al., 1975a). Mammalian 

metabolism can only be crudely simulated by the addition of mammalian 

enzymes. The S9 fraction of rat liver that is commonly used for this 

purpose cannot simulate activation or detoxification of mutagens by other 

organs, by gut flora, or by nuclear or mitochondrial enzymes; and there 

is evidence that some metabolism occurs in all of these locations (Rinkus 

and Legator, 1980; Flamm, 1977). Induction of liver enzymes adds another 

degree of complexity. The optimization of S9 enzymes and cofactors may 

lead to other problems: use of a standard S9 concentration may be inap

propriate for testing some chemicals, or the optimized mixture of S9» 

cofactors and substrate (test compound) may bear little resemblance to 

an in vivo situation. In the interest of fairness it should be pointed 

out that the very fact that S9 liver fraction does activate a number of 

compounds to mutagens proves that it is useful, although its addition to 

the Ames test increases the complexity of interpreting results. 



One of the reasons for the popularity of the Ames test is the 

high degree of correlation with carcinogenicity data that has teen 

claimed for it. There is a range of values for this correlation, from 

63% "to 9Zfo (Rinkus and Legator, 1980), which can be partially attributed 

to differences in investigators' experimental techniques and in the 

interpretation of data. But there are some problems inherent in the 

test system, rather than the investigators who use it, that also contrib

ute to this variation; most of these problems have already been men

tioned. A false negative could result from any of the reasons cited 

above. The problem of a false positive, however, is more difficult to 

deal with, since some compounds that fall into this category may actually 

be undetected weak carcinogens (McCann and Ames, 1977) that have escaped 

classification through the statistical limitations of animal assays. 

The only answer to this dilemma would seem to be more data generated from 

long-term bioassays, which the Ames test and other _in vitro tests were 

designed to avoid in the first place. 

Rinkus and Legator (1980) have suggested a more sophisticated 

approach to the interpretation of Salmonella data, which is designed pri

marily to alleviate the problem of false negatives but which may also be 

of value in explaining false positives as well. They propose that data 

from the Ames test be correlated with data ftrom carcinogenicity tests ty 

chemical class of the compound being tested; if the correlation for a 

particular chemical class is high overall then the correlation between 

mutagenicity and carcinogenicity may be accepted with some degree of con

fidence. On the other hand, if the data for a class of chemicals does 

not correlate well, or there is inadequate data to judge the degree of 



correlation, the Ames test should not be considered as a primary source 

of in vitro information for these compounds. This refinement should in 

no way detract from the Ames test, but rather make it even more reliable 

since its use would be confined to those areas for which it is best 

suited. 

It is obvious from the above that _in vitro mutagenicity testing 

is no simple matter. And yet, it is a simple approach in comparison to 

long-term bioassays. Because of the number of chemicals that require 

testing, and the time and cost involved in their development and testing, 

it is apparent that short-term inexpensive JLn vitro tests do have a place 

in initial screening. As long as results are interpreted with caution 

the Ames test has considerable value in the correlation of mutagenicity 

with carcinogenicity, and this value may increase as the relationship 

between mutagenicity and carcinogenicity is elucidated by further study. 

The use of the Ames test in conjunction with other ill vitro and _in vivo 

tests to form a battery for screening chemicals is a purpose for which 

it is well designed. 

Statement of Problem 

Since the earliest days of water treatment in this country the 

objective has been to provide drinking water of high quality. Originally 

this quality was viewed in terms of microbiological content and the es

thetic values of taste and odor. More recently concern has shifted to 

the organic content of drinking water and wastewater: its specific 

nature and its health effects for humans. It is generally agreed that 

chlorination as a normal water practice poses no acute threat to human 
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health. It is rather the production of trihalomethanes and non-volatile 

direct-acting mutagens subsequent to chlorination that concerns investi

gators now. These compounds have as yet undetermined effects on human 

health when ingested at low doses over long periods of time. The poten

tial for harm is difficult to examine directly "but must be pieced to

gether through epidemiological studies, analytical identification of 

organics, laboratory studies on mutagenic effect and full-scale "bioassays 

for carcinogenic effects. Finally, it is essential to examine alternate 

water treatment methods that may "be required to supplement or replace the 

practice of chlorination, should the risk of continued chlorination prove 

too great. 

The treatment of water supplies with ozone is already an estab

lished practice, but much remains to be learned about the products of 

ozonation and their, subsequent reactions with other compounds or their 

effects on human health. Ozone has been used to disinfect water supplies 

and to treat wastewater (secondary effluent and industrial effluent such 

as pulp wastes) with little or no knowledge of the try-products and their 

effects. This project was designed to study one aspect of the ozonation 

of certain model organic compounds, namely the effect of ozone treatment 

on mutagenic activity. Several organic compounds were selected to simu

late the types of compounds that may be present in water treated with 

ozone. Phenol and resorcinol were chosen to serve as the simplest models 

for humic and fulvic acids. Commercially prepared humic acid, tannic 

acid and lignin served as more complex models, approximating the behav

ior and reactions of these compounds in natural and waste waters. 

The compounds chosen for this project represent the type of 



29 

organic material that may be leached into a natural water supply or may 

"be introduced into a water source as a result of an industrial process. 

The mutagenic activity of each compound was studied, try means of the Ames 

test, "before and after ozone treatment. The results represent a survey 

and first approximation of the effect of ozone treatment on one water 

quality parameter, mutagenic activity. 



EXPERIMENTAL 

Chemicals 

Chemicals and supplies were obtained through the following 

sources. Ampicillin trihydrate, nicotinamide adenine dinucleotide phos

phate (NABP) monosodium salt, D-glucose-6-phosphate monosodium salt, 

L-histidine and D-biotin were purchased from Sigma Chemical Co., St. 

Louis, Mo. Resorcinol, humic acid sodium salt and N-methyl-N'-nitro-

N-nitrosoguanidine were obtained from Aldrich Chemical Co., Milwaukee, 

Wis. Phenol and phenobarbital were supplied by Mallinckrodt Chemical 

Works, St. Louis, Mo. Tannic acid, crystal violet and methanol were 

obtained from Matheson, Coleman and Bell, Norwood, Ohio. J. T. Baker 

Chemical Co., Phillipsburg, N. J., supplied benzidine, and Nutritional 

Biochemicals Corp., Cleveland, Ohio, supplied rutin. Quercetin was ob

tained from Weyerhaeuser Timber Co., Longview, Wash. Nutrient broth and 

agar were purchased from Difco Laboratories, Detroit, Mich. Disposable 

Falcon 1029 petri dishes were obtained from Beckton Dickinson Labware, 

Oxnard, Calif. Softwood Kraft lignin ("indulin AT") was provided by 

Westvaco Company. 

The purity of all chemicals used as model compouds was determined 

by thin-layer chromatography (appendix II), with the exception of humic 

acid and lignin (no suitable TLC system could be devised for these com

pounds). Of the compounds tested for purity, only rutin appeared to be 

contaminated. The contaminant remained unidentified, although both thin 

30 1 
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layer chromatography and high performance liquid chromatography were 

used to attempt identification. Quercetin, a known mutagen in the Ames 

test, was a possible contaminant, but its presence was not confirmed by 

either TLC or HPLC. 

Research & Equipment Corp., Phoenix, Az.), a silent arc discharge type 

generator. The parent gas was oxygen, and the gas was delivered to a 

250-ml gas-washing bottle equipped with a glass frit for dispersing the 

gas into solution. All ozonations were carried out with 200 ml aliquots 

of solution. The glass frit was soaked in ?($ ethanol and rinsed with 

sterile distilled water prior to experiments. The conditions of ozona

tion (except for time) were held constant for all runs. Temperature was 

26° C, flow rate"was 2.8 L/minute, pressure was set at k.O psi, current 

was 0.3 amp, and each ozonation of a solution was followed try a five 

minute purge of the solution with air. This served to drive off any 

remaining ozone and stop the reaction between ozone and organic material. 

The measurement of ozone production was done according to the 

manual supplied with the generator; this method is similar to the proce

dure for ozone residual measurement in Standard Methods for Examination 

of Water and Wastewater (l^th ed.). A 2% potassium iodide solution was 

treated with ozone for a given length of time, acidified and titrated 

with sodium thiosulfate. The amount of titrant consumed was used to 

calculate the amount of ozone produced: 

Ozone Generation and Utilization 

Ozone was generated try an Orec model 03V5-0 ozonator (Ozone 

Weight 
ml titrant) (norma! 
sample gas flow rate 
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This value was used to calculate the amount of ozone produced in grams 

per hour and the percent weight of ozone in the parent gas by the fol

lowing formulae t 

Weight of 03 (gr/hr) = (ggg ™t8, I'M") (6°) 

i Weight of Oj In b2 Sla^03. 
where T' = temperature of sample gas in °K. 

The amount of ozone delivered to organic compounds in solution 

was determined try a modification of the above procedure. Instead of 

delivering ozone directly to a potassium iodide solution, the ozone was 

delivered to a 200 ml distilled water blank, and excess ozone was vented 

to a potassium iodide trap, which was then titrated and the calculations 

performed as above,(table l). This water blank exerted an unknown ozone 

demand, which could be subtracted from the apparent ozone consumption of 

an organic solution to yield the actual ozone consumption due to reac

tion with organic compounds. The distilled water used for these experi

ments was known to contain some organic matter; this was determined "by 

subjecting the water to liquid-liquid extraction followed by HPLC (per

formed by Suzanne Week in the lab of Dr. G. Steelink). 

The amount of ozone consumed by each organic compound was con

verted to a ratio between the moles of ozone utilized and the moles of 

organic material present. In the case of tannic acid, humic acid and 

lignin, precise molecular weights are not known, thus approximate molec

ular weights were used (as given in the Merck Index for tannic acid and 

lignin, or by the manufacturer for humic acid) in order to calculate the 

number of moles. 



Table 1. Ozone Dosage 

The ozone available for utilization try model compounds is given 
by weight of ozone per volume of water treated (mg/L). 

Length of 
Ozonation Titrant Wt. 0_ Wt. 0„ % Wt. 
(minutes) used (ml)* (mg/L)^ (gr/hr) 0^ _ 

2 9.82 6.07 i.02 0.4? 

9.85 6.09 1.02 0.47 

10.68 6.61 1.11 0.51 

5 26.99 6.68 1.12 0.51 

29.28 7.25 1.22 O.56 

28.80 7.13 1.20 0.55 

29.80 7:37 i:24 0:56 

10 • 60.82 7.52 1.26 0.58 

60.96 7.54 1.27 0.58 

60.14 7.M 1:25 0.57 

15 92.10 7.60 1.28 0.58 

9^.42 7.79 1.31 0.60 

89.80 7.23 - 1.21 O.55 

•X + s.d. 7.1 + 0.6 1.2 + 0.1 0.55 + 0.C& 

* Based on replicate measurements of ozonation of distilled water.blank. 



In addition to the measurement of ozone consumption by organic 

compounds, the decrease in organic concentration during ozonation was 

measured for several of the compounds tested. The concentration was 

measured try the Folin-Ciocalteu (F-C) test for hydroxylated aromatic 

groups. This test employs a molybdotungstophosphoric reagent that 

changes from yellow to blue when reduced try hydroxylated aromatics or 

6ther reducing substances. A carbonate-tartrate reagent is used to 

alkalinize the sample and avoid the problem of precipitation at acid pH. 

The assay procedure is as follows (complete procedure for F-C test and 

results are given in appendix III): r50 mlrbf sample are :Taro.ught-tto..room 

temperature, 1.0 ml of F-C reagent and 10 ml of carbonate reagent are 

added rapidly in order, color is allowed to develop for 30 minutes, and 

absorbance is read at 750 nanometers. This absorbance is compared to 

the absorbance of a standard solution of the test compound, in order to 

determine the sample concentration in parts per million. 

Mutagenesis Testing 

Salmonella typhlmurium strains TA98 and TA100 were grown ini

tially from lyophilized stock cultures (provided by Dr. Glenn Sipes and 

obtained originally from Dr. Bruce Ames), by putting a small amount of 

the lyophilized culture into 10 ml of st'erile nutrient broth and incu= 

bating overnight at 37° C with shaking. These overnight cultures were 

checked for purity and histidine requirement by the following procedures 

each culture was diluted in sterile 0,Q% sodium chloride solution to 

—fi -7 —8 
final dilutions of 10" , 10 and 10~ , and 0.1 ml of each dilution was 

plated on a nutrient plate (spread evenly over surface of plate with a 
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glass rod flamed with ethanol). After incubation overnight at 37° C the 

plates were examined for separate well-spaced colonies, and one plate 

from each strain was chosen for re-plating. Re-plating was done by-

touching a single colony on a dilution plate with a sterile applicator 

stick and then stabbing the applicator stick first into a minimal plate 

(minus histidine and biotin) and then into a nutrient plate. This was 

repeated with five individual colonies for each strain. After incubation 

for 24 hours at 37° C the plates were examined for growth in the stabs: 

only colonies showing growth in the stabs on the nutrient plate but not 

on the minimal plate were used for re-inoculation. Ten ml of nutrient 

broth were inoculated from a single colony on a nutrient plate and incu

bated overnight at 37° C with shaking. This culture was used for further 

testing and for preparation of. the stock culture: 5 ml of "the broth 

culture were added to 5 ml of 87% glycerol in a sterile 15-ml screw-cap 

tube and stored at -20°C. 

The two bacterial strains were tested for their other character

istics (histidine and biotin requirement, deep rough coat, deficiency in 

MA excision repair, and ampicillin resistance) by the following proce

dures. (Ames, McGann and Yamasaki, 1975)• 

Histidine and biotin requirement 

1. minimal plate with 0.1 ml of 0.1 M L-histidine spread over its 

surface is inoculated with 0.1 ml of an overnight broth cult lire. 

2. minimal plate with 0.1 ml of 0.1 M L-histidine + 0.1 ml of 

0.5 mM biotin spread over its surface is inoculated with 0.1 ml 

of overnight broth culture. • 
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Both plates axe incubated for Zh hours at 37°C. Growth on the 

second plate, but not on the first, indicates that histidine requirement 

and biotin requirement (also uvrB deletion, which is linked to the bio-

tin deletion) axe present. 

Deep rough coat (rfa chaxacter) 

A nutrient plate is inoculated with 0.1 ml of overnight broth 

culture, then the center of the plate is touched with a sterile applica

tor stick with a few crystals of crystal violet on it. The rfa charac

ter is present if there is a zone of inhibition (approximately 14 mm) 

around the crystal violet. 

uvrB deletion (deficiency in DNA excision repair) 

A nutrient plate is cross-streaked with an overnight broth cul

ture, then one-half the plate is exposed to UV light for 8 seconds, from 

a distance of 33 cm, and incubated for 24 hours at 37°G. Growth should 

appear only on the side of the plate not irradiated by UV light. 

Ampicillin resistance 

A solution of ampicillin, 8 mg/ml, is made up in sterile 0.02 N 

sodium hydroxide. Ten microliters of ampicillin solution is streaked 

across a nutrient plate and allowed to dry. Inoculum from an overnight 

broth culture is cross-streaked over the ampicillin and incubated for 

20 hours at 37°G. Ampicillin resistance is confirmed by no zone of inhi

bition around the ampicillin streak. If growth around the streak is 

lighter than on the rest of the plate (indicating that some of the bac

teria have lost ampicillin resistance), an inoculum is taken from the 

area of lighter growth and inoculated into nutrient broth for overnight 
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Incubation, to ensure that the strains retain the R factor (this culture 

is then used for stock culture preparation). 

For routine testing 10 ml of nutrient broth in a sterile 50 ml 

Erlenmeyer flask was inoculated from the stock culture and incubated 

overnight at 37°C with shaking. This represented a 17-hour, or station

ary phase, culture. This culture was used in the Ames test without 

further dilution. 

The S9 fraction of rat liver was prepared by the following pro

cedures male Sprague-Dawley rats, weighing 200-250 grams each (obtained 

from the University of Arizona Department of Animal Resources breeding 

colony), were induced by adding 0.1?S phenobarbital to their drinking 

water for seven days and returning them to regular drinking water for 

one day prior to sacrifice. Each rat was killed by a stunning blow to 

the head, followed ty cervical dislocation. In order to keep the liver 

as free of contamination as possible, the rat was soaked with 9J?o etha-

nol, as were all instruments used to dissect the liver. The liver was 

removed by making a cross-wise cut at the base of the abdomen and cutting 

length-wise up the midline to the ribcage, allowing it to be spread so 

that the rat could be lifted and the internal organs could fall free. 

The tissues holding the liver were carefully snipped until the liver was 

nearly separated; it was then held over a sterile petri dish containing 

sterile 0.15 M potassium chloride (on ice and pre-weighed) and the liver 

was allowed to drop into the cold potassium chloride solution. After 

weighing the liver, it was minced with scissors and added to three vol

umes (w/v) of ice-cold 0.15 M potassium chloride in a Kontes hand dounce. 

The hand dounce and all centrifuge tubes had been soaked in 9% ethanol, 



drained and rinsed with cold sterile 0.15 M potassium chloride in order 

to control contamination. After homogenizing the liver tissue in the 

hand dounce, the homogenate was carefully poured into centrifuge tubes 

and centrifuged at 4°C according to the following schedules 10 minutes 

at 3000 rpm, 10 minutes at 10,000 rpm and 10 minutes at 15,000 rpm. 

After centrifugation, the centrifuge tubes were immediately placed on 

ice and the supernatant (S9. fraction) was drawn off try sterile pipette 

and dispensed in 1.5-ml aliquots into sterile test tubes kept on ice. 

The tubes of S9 fraction were stored at -70°C until used. One aliquot 

of S9 was used for testing protein concentration try the Lowry method 

(Lowry et al., 1951) and cytochrome P-450 activity try the method of 

carton monoxide difference spectrum (Sato and Omura, 1978)• 

The' amount of S9 to he.used in the S9 mix was optimized by 

testing against two known positive controls and each of the model com

pounds (table 2). No variation in response of the model compounds was 

noted with different S9 concentrations, but an S9 concentration of 50 

microliters/plate appeared to optimize the response of the two positive 

controls, so this amount of S9 was used in all dose-response and ozona

tion experiments. 

The preparation of model compound solutions was done with steam-

sterilized glassware and pipettes and sterile distilled water. Solutions 

were kept refrigerated after preparation, but were allowed to come to 

room temperature before testing in the Ames test. An attempt was made 

to make sterile solutions and maintain their sterility by using ultra

filtration but this proved unsatisfactory, since high concentrations of 

humic acid, tannic acid or lignin led to deposits on the filter. An 



Table 2. Ames test with vaiying protein concentrations in S9 mix 

All model compound concentrations = 10 micrograms/plate. 

Without 59 
S9-A 

With S9 

S9-B S9-C 

Controls 
negative 

. TA98 TA100 TA98 TA100 TA98 TA100 TA98 TA100 
Controls 
negative 16* 

M.I. 
" 84 

M.I. 
32 

M.I. 
19 

M.I. 
28 

M.I. 
20 

M.I. 
16 

M.I. 
40 

M.I. 
MNNG 
(2.7 ug/pl) 

3545 42.2 
. i 

771 40.5 1900 95.0 4025 100.6 

Benzidine 
(100 ug/pl) 

15 0.9 400 12.5 
• 

109 3.9 100 6.3 

Model Cmpds. 
Phenol 12 0.8 88 1.0 16 0.5 19 1.0 22 0.8 37 1.9 23 1.4 37 0.9 

Resorcinol 11 0.7 ' 79 0.9 3^ l.l 9 0.5 18 0.6 . 18 0.9 12 0.8 35 0.9 

Rutin 15 0.9 109 1.3 24 0.8 19 1.0 31 1.1 28 1.4 14 0.9 38 1.0 

Tannic Acid 15 0.9 107 1.3 19 0.6 13 0.7 23 0.8 19 1.0 18 1.1 42 1.1 

Lignin 21 1.3 85 1.0 27 0.8 14 0.7 24 0.9 26 1.3 27 1.7 42 1.1 

Humic Acid 11 0.7 88 1.0 16 0.5 21 l.l 23 0.8 26 1.3 24 1.5 30 0.8 

*Colony counts on individual plates 

HI = colony count on test plate 
colony count on control plate 

S9-A = 0.1 ml S9/ml S9 mix 

S9-B = 0.05 ml S9/ml S9 mix 

S9-C = 0.025 ml S9/ml S9 mix 



attempt was also made to steam-sterilize nonsterile solutions of model 

compounds (at 260°P and 20 psi:.for 30 minutes), bitithis also proved-un

satisfactory. The concentrations of the solutions were measured "by means 

of the Folin-Ciocalteu test for hydroxylated aromatics: a standard curve 

was made from sterile solutions (made up in sterile distilled water) and 

from steam-sterilized solutions, and the standard curves were compared. 

The results of the two standard curves were not consistent enough to 

make the assumption that steam-sterilization had not affected the solu

tions in some way (appendix III). 

Each model compound was tested in two types of experiment: 

1. a dose-response experiment with doses ranging from 1.0 to 500 

. J micrograms/plate (with no ozone treatment of the compound). 

2. an'ozone experiment in. which one concentration of the model 

compound was treated with ozone for varying lengths of time. 

These experiments were standard agar incorporation assays, performed 

according to the method of Ames et al..(l975)« The test compound, in a 

volume of 0.1 ml unless otherwise stated, was added to 2 ml of top agar. 

The appropriate strain of bacteria was added next in a volume of 0.1 ml, 

and the final addition was 0.5 ml of either S9 mix or buffer. The tube 

was agitated gentiy to mix all additions and poured immediately, on to > 

a minimal plate. As soon as the top agar had hardened sufficiently, the 

plates were inverted and incubated at 37° C for 48 hours. Sterility con

trols were run with each experiment; these included buffer, distilled 

water, positive controls, model compound solutions and S9. After incu

bation, the plates were inspected for background lawn of bacteria and 

the colonies were counted. Since colony counts were usually less than 



1*1 

500 colonies/plate counting was done try hand. In the case of a high 

colony count the colonies were counted in ten one-square-centimeter 

areas, averaged, and the average count was multiplied try 56.7 cm (the 

total plate area). The results were expressed as the mutation index, 

the ratio of reveirtant colonies on the test plate to revertant colonies 

on the control plate: 

. . .  .  .  # of revertant colonies on test plate 
mu a on n ex ^ Qf spontaneous revertants on control plate 

The mutation index must exceed 2.0 to show a significant increase in 

mutagenic activity over control; however, some investigators feel that 

a value of 2.5 is a more reliable indicator of mutagenicity (Commoner, 

1977)• A value between 2.0 and 2.5 for the mutation index should "be 

considered• sin ambiguous result at best. 

One experiment was done using secondary effluents as the test 

compounds. These effluents were obtained from local Tucson treatment 

plants (ina Road and Roger Road plants). They were concentrated and 

tested in the Ames test as described above, with the exception that meth

anol, rather than distilled water, was used as the negative control. 

The concentration method was as follows: a 200 ml aliquot of effluent 

was concentrated on a Sep-Pak C18 Rapid Sample Preparation cartridge and 

the organics were eluted with 2 ml of methanol; the methanol eluant was 

the test solution used in the Ames test. The 200 ml aliquot of effluent 

was either untreated prior to concentration or it was treated with ozone 

for five minutes and concentrated as above. 

Statistics 

The Ames test data for all dose-response experiments and all 



ozonation experiments was subjected to logarithmic transformation, and a 

•four-way analysis of variance was performed on each set of transformed 

data. No single effect or interaction was judged significant unless a 

p-value of less than 0.05 was obtained. 



RESULTS AND DISCUSSION 

Ozone Utilization by Model Compounds 

Ozone consumption was calculated on the basis of a molar ratio 

for each model compound. As can be seen in figure k the utilization of 

ozone appears to follow approximately the structural complexity of- the 

model compounds; phenol and resorcinol are simple compounds with a 

single benzene ring each and they utilized the least amount of ozone, 

whereas humic acid was the most structurally complex model compound 

studied and it utilized more ozone per mole than any other compound. 

One interesting observation is that tannic acid consumed approximately 

ten times the ozone consumed by phenol in fifteen minutes; this agrees 

quite well with the tentative structure of tannic acid presented in the 

introduction, which contains eight phenolic functional groups per tannic 

acid molecule. Humic acid consumed approximately fifty times the ozone 

consumed "by phenol in fifteen minutes, which gives some indication of 

its structural complexity. 

The rate of ozone consumption decreased to a stable level at 

fifteen minutes for all compounds except humic acid. Here again, the 

stabilization in ozone consumption appears to follow the order of struc

tural complexity: the simplest compounds, phenol and resorcinol, were 

the first to reach a maximum level of ozone consumption; rutin, lignin 

and tannic acid achieved maximum ozone consumption just at fifteen min

utes of treatment; and humic acid still utilized ozone at an increasing 

43 



Table 3« Ozone consumption try r.odel compounds. All ozone measurements were made ty the method of 
iodometric titration and calculated ty the formula given on p. 31» experimental section. 

Sample Time (min.) A B C D E mmole 0„ consumed 
mg sample 

mmole 0_ consumed 
mrnol^ sample 

wai-er 2 102*1 23ii 125 i 2 
67.3 0.070 1.32 phenol 2 48.7 0.2 57.9 67.3 1.40 0.070 1.32 

resorcinol 2 65.6 12.3 77.9 47.3 0.99 0.049 1.08 
rutin 2 80.4 17.1 97.5 27.7 0.58 0.029 3.50 
tannic acid 2 74:7 14.7 89.4 35.8 0.75 0.037 12.60 
lignin 2 65.4 16.4 81.8 43.4 0.90 0.090 3.20 
humic acid 2 91.0 17.7 IO8.7 16.5 0.34 0.017 15.60 

water 5 331.6 23.2 345.8 
2.11 phenol 5 218.3 19.9 238.2 107.6 2.24 0.112 2.11 

resorcinol 5 228.2 17.4 245.6 100.2 2.09 0.104 2.30 
rutin 5 278.9 19.9 298.8 47.0- 0.98 0.049 6.00 
tannic acid 5 273-6 20.0 293.6 52.2 1.09 0.054 18.40 
lignin 5 259.4 19.7 279.1 66.7 1.39 0.139 5.00 
humic acid 5 285.6 19.2 304.8 41.0 0.85 0.043 38.80 

water 10 724.5 25.8 750.3 
2.63 phenol 10 594.4 '21.9 616.3 134.0 2.79 .0.140 2.63 

resorcinol 10 546.5 19.6 566.1 184.2 3.84 0.192 4.23 
rutin 10 654.5 19.8 674.3 76.0 1.58 0.079 . 9.60 
tannic acid 10 652.3 26.4 678.7 71.6 1.49 0.075 25.30 
lignin 10 615.7 19.7 635.4 114.9 2.39 0.239 8.60 
humic acid 10 654.2 19.6 673.8 76.5 1.59 0.080 72.50 

water 15 1104.8 26.2 1131.0 
2.68 phenol 15 971.4 23.3 994.7 136.3 2.84 0.142 2.68 

resorcinol 15 918.2 21.9 940.1 190.9 3.98 0.199 4.38 
rutin 15 1020.3 23.4 1043.7 87.3 1.82 0.091 11.10 
tannic acid 15 1017.9 28.3 1046.2 84.8 1.77 0.088 29.90 
lignin 15 959.1 21.1 980.2 150.8 3.14 0.314 11.30 
humic acid 15 970.6 22.9 993.5 137.5 2^87 0.143 130.20 

A = Amt. ozone vented during ozonation (mg/L) G = Total ozone vented (mg/L) E - Amt. ozone comsumed 
B = Amt. ozone vented as residual (mg/L) D = Amt. ozone consumed (mg/L) (mmole/L) 5-



Figure 4. Ozone consumption "by model compounds. Ozone utilization 
is plotted as the molar ratio of ozone consumption try model compounds 
vs. time of ozonation. 
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rate after fifteen minutes of treatment. From this it appears that 

humic acid should he treated with ozone for a longer time, until its 

rate of ozone consumption reaches a plateau. This increased treatment 

may have some effect on the mutagenicity of the products of the humic 

acid-ozone reaction that was not detectable after fifteen minutes of 

treatment. 

The decrease in model compound concentration during the course 

of ozonation was measured try the Folin-Ciocalteu test for four model 

compounds (figure 5)« Here the relationship between structures is not 

as obvious as in the measurement of ozone consumption. The decrease in 

phenol concentration during ozonation is nearly linear and goes virtually 

to completion; this would be expected because of the simple structure of 

phenol and-the lack of other functional groups that might compete in the 

reaction with ozone. The remaining three compounds reached a plateau in 

their concentration decrease, between 10 and 20 ppm, from an initial 

concentration of 100 ppm. This represents an ozone-refractory portion 

of the organic substrate that is resistant to further degradation try 

ozone. This would correspond to the observed phenomenon in ozone-treated 

natural waters that total organic carbon (TOO) and chemical oxygen 

demand (COD) are decreased only to a characteristic level by ozone and 

cannot be removed completely (Bellar et al.f 197^» McCarthy and Smith, 

197^). In terms of structure, rutin again exhibited an intermediate 

position between phenol and the more complex compounds. Humic acid 

demonstrated a greater concentration decrease than lignin which is some

what surprising in light of the chemical composition of these compounds. 

The chemical analyses supplied by the manufacturers indicate that humic 



Figure 5- Decrease in model compound concentration during ozonation. 
Concentration decrease was determined try the Folin-Ciocalteu test for 
phenolics subsequent to ozone "treatment. 
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acid is more highly oxidized than lignin (total acidity * 9.0 meq/gm for 

humic acid as compared to k.65 meq/gm for lignin), and should be more 

resistant to oxidative attack by ozone. Perhaps treatment with ozone 

disrupts some of the higher levels of organization in the humic acid 

molecule, leading to increased access of ozone to reactive groups. 

Mutagenic Activity 

Known positive controls were run with each experiment to con

firm the appropriate responses of the bacterial tester strains (table 4). 

Controls of ozone-treated distilled water were tested against both tester 

strains until it was confirmed that their response was not significantly 

different from untreated distilled water. 

Dose Response Experiments 

No model compound tested for mutagenic activity prior to ozone 

treatment demonstrated a dose response relationship. The model compounds 

exhibited no increased activity over control at any concentration, with 

the exception of rutin. A graph of one representative experiment for 

lignin is shown in figure 6. A value of 2.5 for the mutation index 

represents the point where mutagenic activity is considered to be in

creased significantly over control. Apparent trends toward increasing 

mutation index with increasing dose were not regarded as significant as 

long as no value exceeded 2.5- A low value for the mutation index, less 

than 0.5, may indicate that the test compound is toxic for the bacteria. 

The increase in mutagenic activity that was seen in several ex

periments with rutin is questionable, since the purity of the rutin is 

uncertain and the dose-response curves were not linear or reproducible 
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Table 4. Positive controls for the Ames test. 

Numbers in each box represent average plate count + standard 
deviation (number of replicate plates in parentheses). 

Without S9 With 59 
Compound 
and Dose TA98 TA100 TA98 TA100 

Negative 
Control 
(dist. water) 16 + 4 (15) 106 + 16 (14) 23 + 4 (15) 18 + 4 (15) 

MNNG* 
1.7-4.2 ug/pl-. 18 + 11 (8) 3334 + 2676 (10) 23 + 6 (8) 2679 + 1725 (12) 

Benzidine 
100 Ug/pl. 16 + 5 (14) 109 + 16 (9) 234 + 100(14) 21+5 (10) 

*N-Methyl-N'-nitro-N-nitrosoguanidine 

Table 5» Mutagenicity of,"ozone-treated lignin — raw data. 

Each number represents an individual plate count. Concentra
tion of lignin prior to ozonation was 100 ppm. Lignin 
solution was made in sterile distilled water, except for data 
indicated with an asterisk; this solution of lignin was made 
in nonsterile distilled water and then steam-sterilized. 

Without S9 With S9 

Time TA98 : TA100 TA98 TA100 

2 min. 322 439 105 16 
45 110 3765 18 
35* 87* 14* 26* 

5 min. 16 88 32 12 
10 88 16 12 

10 min. 16 101 25 11 
17 94 24 16 

15 min. 19 146 21 10 
7 77 10 M — 
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Table 6. Dose-response experiment: average plate counts. 

Numbers in each box represent average plate count + standard 
deviation (number of replicate plates in parentheses). 

• Dose Without S9 With S9 
Compound TA98 TA100 TA98 TA100 
Negative 
Control 16 + 4 (15) 106 + 16 (14) 23 + ̂  (15) . 

CO H
 + 4 (15) 

1 ug/pl. 
phenol 11 + 1 3) 75 + 24 (3) 31 + 9 (3) 34 + 19 (3) 

resorcinol 20 + 2 2) 108 + 28 (2) 22 + 1 (2) 16 + 0 (2) 

rutin 14 + 6 3) 77 + 31 (3) 23 + 7 (3) 53 + 27 (3) 

tannic acid 15 120 26 16 

lignin 16 + 1 2) 72 + 18 (2) • 25 + 4 (2) 21 + 4 (2) 

humic acid 16 + 5 3) 98 + 16 (3) 22 +  5 ( 3 ) '  21 3 (3) 

10 ug/pl. 
phenol 12 + l 4) 84 + 12 (4) 26 + 15 (4) 28 + 10 (4) 

resorcinol 11 + 2 3) 96 + 32 (3) 31 + 8 (3) 17 + 7 (3) 

rutin 17 t  3 *0 m  + 33 (4) 22 + 6 (4) 37 + 23 (4) 

tannic acid 15 + 5 3) 96 + 22 (3) 22 + 3 (3) 26 + U (3) 

lignin 13 + 4 2) 65 + 18 (2) 15 + 6 (2) 20 + 1 (2) 

humic acid 13 + 2 3) 92 + 8 (3) 26 + 11 (3) 20 + 2 (3) 

100 ug/pl. 
phenol 11 ̂  3 3) 63 + 29 (3) 20 + 2 (3) 32 + 12 (3) 

resorcinol 10 + 6 2) 110 + 18 (2) 20 + 1 (2) 26 + 1 (2) 

rutin 20 + 1 3) 86 + 39 (3) 19 + 9 (3) 52 + 25 (3) 

tannic acid 23 + 6 2) 82 + 31 (2) 22 +  9  (2) 28 + 15 (2) 

lignin 14 ;+ 1 2) . 7 4 + 37 (2) 22 + ̂  (2) 23 + 2 (2) 

humic acid 17 + 1 2) 101 + 7 (2) . 25 + 9 (2) 23 + 3 (2) 

500 ug/pl. 
phenol 20 + 4- 3) 61 + 30 (3) 19 + 4 (3) 30 + 9 (3) 

resorcinol 17 + 6 2) 113 + 18 (2) 28 + 11 (2) 32 

rutin 17 118 18 20 

tannic acid 26 + 1 2) 75 + 43 (2) 17 + 1 (2) 39 + 33 (2) 

lignin 11 + 2 3) 85 + 23 (3) 19 J 2 (2) 10 + 9 (3) 

humic acid 15 + 5 2) 104 + 1 (2) 17 + 4 (2) 20 + 2 (2) 



Figure 6. Dose response curve of lignin. This illustrates the type of 
results otrtained in a single dose response experiment with a model 
compound. Both bacterial tester strains, with and without bioactivating 
system, were tested against a range of concentrations; no increased 
mutagenic activity was observed. 
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Figure 7. Analysis of variance for dose response experiment. 
Significant interaction is S9 x strain x compound and does not involve 
concentration. Only rutin, tested against TA100 with S9, demonstrated 
a weak mutagenic response. 
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(table 6). The analysis of variance (appendix V) provided an interesting 

•observation on the mutagenic activity of rutin (figure ?): the increased 

activity was demonstrated only in strain TA100 with bioactivation. 

Quercetin, which was thought to be a possible conatminant of rutin (per

haps through cleavage of rutin's glycosidic bond try S9 enzymes), is re

ported to be mutagenic with bioactivation in strains TA98 and TA100 

(MacGregor and Jurd, 1978; Hardigree and Epler, 1978; Brown and Dietrich, 

1979)• Since a significant increase in mutagenic activity was detected 

only in strain TA100 with bioactivation, this suggests that the observed 

mutagenic activity of rutin was not due to contamination by quercetin. 

It is not possible to explain more completely this increase in mutagenic 

activity with the data available at the present time. 

One point should be claxified about the dose response data for 

tannic acid. The average colony count for the 500 microgram/plate dose 

was 38.5 for strain TA100 with S9; this count is high enough to give a 

mutation index value of 2.18, which falls into an ambiguous area. The 

high count average, and thus the high mutation index, are due to one 

exceptionally high count in an individual experiment, in which the con

trol also yielded a very high count so the mutation index value for that 

experiment was not significant. In light of this, it seems reasonable 

to conclude that tannic acid is not mutagenic under the conditions of 

this experiment, but perhaps tannic acid should be tested over a wider 

dose range, and ozonized under varying conditions to confirm its lack of 

mutagenicity. 



Ozonation Experiments 

Each model compound, at a constant initial concentration of 100 

ppm, was treated with ozone for 2, 5» 10 or 15 minutes. When assayed 

for mutagenicity 'by the Ames test, the model compounds showed no in

crease in mutagenic activity over control, with the exception of lignin 

(table 7). Ozonation of lignin for 2 minutes produced mutagenic activ

ity thg.t was increased over control levels but varied in magnitude be

tween^ experiments}' all"-other = time point s'ofoozonation./y.ielded< no ̂increase 

in mutagenicity over control (figure 8). Lignin treated with ozone for 

2 minutes exhibited a significant increase in mutagenic activity in 

strain TA98 with and without bioactivation, whereas only a slight in

crease was seen in strain TA100 without bioactivation and no increase 

at all in TA100 with bioactivation (figures 9 and 10). The response in 

strain TA98 was positive in two experiments but varied in magnitude 

(table 5)• These results are based on experiments in which the lignin 

solution was made up in sterile water, rather than sterilizing the solu

tion after it had been made; sterility of these solutions was confirmed 

by controls run with the experiments. 

One experiment was carried out using a lignin solution which had 

been steam-sterilized after being made up in nonsterile distilled water. 

This experiment showed that after 2 minutes of ozone treatment the muta

genic activity was reduced in both strains: the activity in strain 

TA98 with S9 and TA100 without S9 was reduced to control levels, but 

TA98 without S9 still retained very weak mutagenic activity (mutation 

index = 2.2). The possibility exists that most of the observed muta

genic activity was due to contamination (although all sterility controls 
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Table 7« Ozonation experiment: average plate counts. 

Numters In each "box represent average plate count + standard 
deviation (number of replicate plates in parentheses). 

Time Without S9 With S9 
Compound TA98 TA100 TA98 TA100 
Negative 
Control 16 + k (15) 106 + 15 (1*0 23 + k (15) 18 + k (15) 

2 minutes 
phenol 13 + 6 (2) 79 + 19 (2) 23 + 6 (2) 36 + 17 (2) 

resorcinol Ik + k (2) 81 + 18 (2) 20 + 1 (2) 15 + 1 (2) 

rutin 18 + 1 (2) 85 + ij-3 (2) 23 + 1 (2) 37 + 2k (2) 

tannic acid 23 91 20 20 

lignin 18** + 196 (2) 2 75 + 233 (2) • 1935 + 2588 (2) 17 + 1 (2) 

humic acid 16 + k (2) 14-0 + 28 (2) 21 + * (2) 21 + 3 (2) 

5 minutes 
phenol 23 + 6 (3) 69 + 37 (3) 28 + 5 (3) 26 + 14 (3) 

resorcinol 17 + 6 (2) 87 + 20 (2) 16 + 3 (2) 18 + 3 (2) 

rutin 19 + 11 (2) 88 + 45 (2) 16 + 2 (2) 28 + 9 (2) 

tannic acid 17 + 3 (3) 70 + 28 (3) .21 + 0 (2) 22 + ̂  (3) 

lignin 13 + * (2) 88 + 0 (2) 2k + 11 (2) 12 + 0 (2) 

humic acid 13 + 7 (2) 108 + 15 (2) 24 + 3 (2) 29 + 13 (2) 

10 minutes 
phenol 19 + 5 (3) 93 + 37 (3) 27 + 13 (3) 30 + 13 (3) 

resorcinol 16 + k (2) 92 + 1 (2) 27 + 1 (2) 16 + 2 (2) 

rutin 16 + 1 (2) 81 + 27 (2) 25 + 6 (2) 18 •+ 9 (2) 

tannic acid 23 + 9 (3) 68 + 29 (3) 17 + 2 (3) 2k + 6 (3) 

lignin 17 + 1 (2) 98 + 5 (2) 25 + 1 (2) lk + k (2) 

humic acid 18 + 10 (2) 90 + 12 (2). 17 + 11 (2) 16 + 4 (2) 

15 minutes 
phenol 16 * (2) 73 + 47 (2) 25 + k (2) 25 + 12 (2) 

resorcinol 16 + 1 (2) 106 + 3^ (2) 21 + k (2) 17 + 4 (2) 

rutin 16 + 1 (2) 82 + 26 (2) 22 + 8 (2) k5 + k2 (2) 

tannic acid 15 + 2 (3) 80 + 26 (3) 21 + * (3) 22 + * (3) 

lignin 13 + 9 (2) 112 + ̂ 9 (2) 16 + 8 (2) 10 

humic acid 14 + 7 (2) 99 + 39 (2) 2k + 3 (2) 25 + 3 (2) 



Figure 8. Analysis of variance for ozonation experiment. There was 
a significant interaction "between time and compound, due to the muta
genic response of lignin after two minutes of ozone treatment. 
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Figure 9« Mutagenic response of strain TA98 to ozone-treated lignin. 
Strain TA98 demonstrated a positive response to lignin that had been 
treated with ozone for two minutes; further ozonation destroyed the 
increased activity. The response of TA98 in the absence of bioacti-
vating system is greater than when it is present. 
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Figure 10. Mutagenic response of strain TA100 to ozone-treated lignin. 
Strain TA100 demonstrated a positive response to lignin that had been 
treated with ozone for two minutes; this response was seen only in the 
absence of bioactivating system. In the presence of bioactivating 
system there was- no increase in mutagenic activity over control. 



TAIOO without S-9 

•£- TA 100 with S-9 

6.0 

-o 

c. 
o 

Time of Ozonation (min.) 



were negative), but it seeins likely that short periods of ozonation (up 

to 2 minutes) of lignin yield some transient mutagenic intermediate. 

Longer periods of ozonation (5 to 15 minutes) appear to destroy this 

mutagenic compound. This transient activity is apparently caused by a 

direct-acting frameshift type of mutagen, based on the evidence that 

strain TA98 without bioactivation gave the most consistent positive re

sults (cf. Rannug, 1981s direct-acting base-pair substitution and 

frameshift mutagens were found in pulp wastewater subsequent to chlorin-

ation). • • 

One possible source of this mutagenic activity may be the pro

duces) of the reaction between ozone and the carbon-carbon double bond 

that is a prominent feature of the lignin monomers. The reaction of 

ozone with an olefin usually occurs more readily than its reaction with 

a benzene ring (Bailey, 1958),' thus in the earliest stage of ozonation 

of lignin the double bond in the substituent group may be attacked in 

preference to the ring portion of the molecule. The attack on an unsat

urated bond is generally believed to occur by the Criegee mechanism, in 

which a zwitterion and an aldehyde or ketone are generated (Bailey, .. 

1958). In the case of lignin the reaction pathway might resemble the 

following! 

KK/V "0-0 0+ _ 0 
—> C—M —> H-C—C-H —O H-C-0-0 + H-C-

Ho0H R CH„0H R CHo0H R 
CHgOH 

2 " u"2 " " 2 

reaction with ^ 

aldehyde 

ozonide 



60 

In this reaction R represents the methoxy-substituted phenol of the 

lignin monomer. 

The ozonide and the intermediate zwitterion and aldehyde may or 

may not he mutagenic in either Salmonella or mammals. Certainly the 

potential exists to generate several electrophilic centers, "but whether 

these species could act as electrophiles in a biological system is spec

ulative at this point. 

Further ozonation of lignin probably proceeds by direct attack 

on the benzene ring. It appears from evidence in the literature and 

5 
the present experiment that the products of this reaction, ozone-treated 

phenols and phenolic groups in more complex molecules, are not mutagenic 

in Salmonella. 

Secondary Effluent Experiments 

The mutagenic activity of two secondary effluents was examined 

in one experiment.'- These effluent samples were not adequately tested, 

but the results will be briefly presented here. In both ozone-treated 

and untreated effluent samples there was no significant increase in muta

genic activity over control. However, a trend was observed between the 

two samples (table 8, figure 11). When the samples were tested without 

ozone treatment, the Roger Road effluent- showed a slight increase in the 

value of the mutation index when the bioactivation system was added, 

whereas the Ina Road effluent showed a slight decrease in the mutation 

index when the bioactivation system was added (these changes occurred in 

both strains). When treated with ozone for five minutes prior to muta

genicity testing, the Ina Road effluent maintained the same relationship 



Table 8, Mutagenicity of secondary effluents. 

Secondary effluents were collected on 1/13/82 at Ina Rd. treatment plant and Roger Rd. 
treatment plant; mutagenicity testing was done on 1/19/82. The Ina Rd. plant treatment 
consisted of activated sludge and the Roger Rd. plant treatment was a biofiltration process; 
in both cases, the effluents were collected prior to chlorination. No organic analysis was 
available on these effluents. Numbers in each box represent average plate count + standard 
deviation (n ~ 2). The solvent (negative control) was methanol. 

Treatment 
Source TA98 

Without S9 With S9 
TA100 TA98 TA100 . pH Comment on effluent 

Negative Control 
(methanol) 101 18 90 

Without Ozone 
Roger Rd. 

Ina Rd. 

14 + 0 

14 + 0 

88 + 10 

100 + 13 

2 2 + 4  

1 1 + 4  

9 6 + O  6 . 5  S l i g h t l y  c l o u d y  

81 +18 6.0 Cloudy 

With Ozone 
Roger Rd. 20 (n = 1) 111 + 9 

Ina Rd. 16 + 1 119 + 32 

16 + 9 

13 + 2 

91 + 41 6.5 

105 + 2 7.0 

Cleared almost com
pletely with ozone 
treatment; foamed 
slightly when ozone 
was introduced. 
Cleared slightly 

with ozone treatment; 
foamed excessively 
when ozone was 
introduced. 



Figure 11. Mutagenic response of secondary effluents. Neither 
secondary effluent exhibited significant mutagenic activity with or 
without ozone treatment. 
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as in the untreated sample: addition of the bioactivation system caused 

a slight decrease in mutation index value. In contrast the Roger Road 

effluent reversed its previous trend such that addition of the bioacti

vation system to the ozone-treated effluent caused a decrease rather 

than an increase in the mutation index. This would seem to suggest that 

something in the Roger Road effluent reacts with ozone to become more 

available or accessible to the S9 enzymes, whereas ozone treatment does 

not appear to have much effect on the Ina Road effluent. This trend 

also reflects the pattern seen in several mutagenicity studies done on 

organics in water, namely that mutagenic activity is due to a direct-

acting mutagen and is decreased by the addition of a bioactivating sys

tem (cf. Cheh et al., 1980; Maruoka and Yamanaka, I98O; Nestmann et al., 

1980; Rannug et al., 1981). It should be stressed again that these 

effluents were not adequately tested. Further testing of effluents 

might focus on the method of concentration, or on the characteristics 

of the individual effluents (these particular effluent samples exhibited 

differences in pH changes, foaming and clearing during ozonation). 



CONCLUSIONS 

This project has involved a survey of selected organic compounds 

for mutagenic activity. The compounds were tested with and without 

ozone treatment, which i-«? being considered as an alternative or supple

mentary water treatment method for chlorination. The Ames test, which 

was the mutagenicity assay used in this project, has already proven use

ful in examining water supplies for mutagenic activity. At the present 

time most of the data which has "been generated by use of the Ames test 

is based on chlorinated water; data on ozone-treated water is somewhat 

scarce at this point. The tody of information on ozone-treated water is 

"beginning to grow, though, and it is hoped that the data obtained in this 

project will make a small (but useful) contribution. 

The results of this project have indicated three things: 

1. the model compounds (untreated with ozone) exhibited no dose-

response relationship, and thus can be considered nonmutagenic 

over the-'-range of concentrations tested. 

2. ozonation of the model compounds in aqueous solution produced 

no mutagenic activity (with the possible exception of lignin), 

therefore ozonation appears to be a satisfactory alternative to 

chlorination in regard to production of mutagenic by-products. 

3. the possibility that ozonation of lignin may yield a weak muta

gen requires further study to determine if ozonation of lignin-

containing waters would be detrimental to their quality. 



The results obtained on ozonation agree with literature reports, which 

indicate that ozonation of organic compounds in general does not in

crease the mutagenic activity of the original compound. In fact, ozone 

treatment often decreases the mutagenic activity of organic compounds. 

The fact that one model compound (lignin) did produce a weak 

positive response in the Ames test serves to point up the usefulness of 

such a mutagenicity assay in either the tier or battery approach to muta

genicity testing. In a set of relatively rapid and inexpensive experi

ments, one of six model compounds was detected as being a possible weak 

mutagen, which requires more complete investigation. This does not mean 

that the other five model compounds can be assumed to be "safe" for 

ozone treatment, it simply provides another piece of information which 

can be used to set priorities for future testing. This is perhaps the 

single most important aspect of the Ames test, that it allows investi

gators to make a rapid "first approximation" of mutagenicity. 

The major drawback of a simple model system is that it cannot 

encompass the many chemicals and interactions that may be present in a 

water sample. It is essential to consider the probability that a model 

system may overlook some synergistic effects of a complex mixture, such 

as natural or industrial process waters. While this may be viewed as a 

difficulty it may also be viewed as an advantage, a good basis on which 

to build more complicated models. This could involve combinations of 

organic chemicals as they would be found in nature, and perhaps inorganic 

substituents could be added to bring the model closer to reality. These 

combinations can be carefully controlled in a model system so that the 
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investigator can easily detect any unusual or unexpected effects and 

analyze the model for the cause. 

This project has answered a few questions, but it has "brought 

many more questions to mind. Possible lines of inquiry for future 

studies might include the effect of longer ozone treatment of humic acid 

on the mutagenicity of its products; the effect of ozone treatment on a 

combination of humic acid, tannic acid and lignin; and an examination of 

the significance,, if any, ., of the weak mutagenic activity of ozone-

treated lignin. 

« 
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% Humlc % Fulvlc 

Soil 75 25 
Surface water 25 75 
Ground water 15 85 

Traditional Soil Extracts 

C 0 N P S H 

Humlc 58.0 34.0 3.3 0.2 0.5 3.9 
Fulvic 50.0 42.8 1.8 0.5 0.5 3.9 

Fulvic Acids Isolated try Traditional Methods 
(freeze drying) 

; . . .  C 0 N P s H 

soil 50.0 42.8 1.8 0.5 0.5 3.9 
Water " 50.4 45.0 1.1 0.2 1.0 4.0 

Comparison of Soil and Surface Water Fulvic Acids 
(isolated on XAD-8) 

C 0 N P s H 

Soil "50.0 42.8 1.8 0.5 0.5 3-9 
Water 5^.7 39.2 0.5 0.2 0.6 3.9 

Soil 
Water 

Comparison of Soil and Ground Water Fulvic Acids 
(isolated on XAD-8) 

C 0 N P S H 

50.0 42.8 1.8 0.5 0.5 3-9 
62.7 29.1 0.4 0.2 0.5 6.6 

Reference: E. M. Thurman, U.S. Geological Survey, Denver, Colorado 
(personal communication to Dr. C. Steelink). 
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Thin Layer Chromatography 

All thin layer chromatography was done on pre-coated TLC plastic' 
sheets, Silica gel 60, 0.2 mm thickness (without fluorescent indicator); 
purchased from EM Reagents. 

Phenol concentration: small amount of solid dissolved in 
0.3 ml methanol 

solvent: n-butanol:acetic acid:water (4:1:5) 
detection: Ig in visualization chamber 

One spot detected: Rf = 0.77 

Resorclnol concentration: 5000 ppm (aqueous solution) 
solvent: same as phenol 
detection: 6 N H^SO^ sprayed on plate, charred 

One spot detected: Rf = 0.70 

Tannic Acid concentration: small amount of solid dissolved in 
0.3 ml methanol 

solvent: 
1. n-butanol:acetic acid:water (4:1:5) 

detection: I_ 

Rutin 

2. 

1. 

One spot detected (with tailing): R^. = 0.68 

"benzene: dioxane:acetic acid (90:25 s4) 
detection: 1^ 

Two spots detected: ^f(j_) = 0.16 (faint) 

Rf(2) = 0,°^ (heavy) 

concentration: 5000 ppm (aqueous solution) 
solvent: n-butanol:acetic acid:water (4:1:5) 
detection: 6 N H^SO^ sprayed on plate, charred 

Two spots detected: = 0.46 (heavy) 

Rf(2)= 0,2li (faint) 

5000 ppm aqueous solutions of glucose, rhamnose and 
quercetin were co-chromatographed with rutin in this 
system. 

Glucose - single spot: Rf = 0.19 

Rhamnose - single spot: 

Quercetin - not detected. 

Rf = 0.20 

2. concentration: small amount of solid dissolved in 
0.3 ml methanol 

solvent: same as no. 1 
detection: I_ 
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Thin Layer Chromatography — Conbinued 

Three spots detected: 

Rf(l) 
= 0.69 

Rf(2) 
= 0.50 

Rf(3) 
= 0.40 

Quercetin was co-chromatographed in this system and 
appeared as one distinct spot: R^ = 0.78 

concentration: small amount of solid dissolved in 
0.3 ml methanol 

solvent: same as no. 1 
detection: Ifollowed try charring 

Glucose, rhamnose and quercetin were co-chromatographed. 
Rutin: = ®*72 (not detected "by H^SO^) 

Rf(2) = 0,52 

Rf(3) = 0.42 (major spot) 

Quercetin: R^ = 0.74 

Glucose: R^ = 0.21 (detected only "by HgSO^) 

Rhamnose: R^ = 0.35 (detected only "by HgSO^) 
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Folin-Ciocalteu Test for Phenolics - Procedure 

73 

Preparation of F-C Reagent 

Add 100. grams of NagWO^-2 HgO and 25 grains of Na^4oO^«2 HgO to 

700 ml of water in a 1500-ml round bottom flask. Add 50 ml of 

phosphoric acid and 100 ml of concentrated HG1. Connect a reflux 

condenser and reflux gently for 10 hours. Add 150 grams of LigSO^, 

50 ml of distilled water and a few drops of liquid bromine. Boil the 

mixture without a condenser until odor of bromine is gone, about 15 

minutes. Cool to 25°C, dilute to one liter and filter. Store the 

finished reagent, which should have no greenish tint, in a tightly-

sealed container. 

Carbonate-Tartrate Reagent 

Dissolve 200 grams of Na^CO^ and 12 grams of Na^C^O^^ H^O 

(sodium tartrate) in 750 ml hot distilled water, cool to 25°C and dilute 

to one liter. 

Stock Solution 

Dissolve 1 gram of tannic acid in one liter of distilled water. 

Standard Solution 

Dilute 10 ml of stock solution to 1000 ml. One ml contains 

10 micrograms of tannic acid (10 ppm). 

Assay Procedure 

Bring 50 ml of sample or standard solution to a temperature above 

20°C. Add rapidly 1 ml of F-C reagent and 10 ml of carbonate reagent. 
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Procedure — Continued 

Allow thirty minutes for color development (2 minutes at 50°G» 2 hours 

at 24°C). Measure intensity at 750 nm. 

Reference: Standard Methods for the Examination of Water and Wastewater, 
14th ed., pp. 607-608. 



Polin-Ciocalteu Test for Phenolics -
Measurement of Model Compound Concentration 
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750 
Initial Time of Abs, 

Compound Cone, (ppm) Ozonation (min) 

Phenol 100 2 1.6 

100 5 1.1 

100 10 0.315 

100 15 0.160 

Pinal 
Cone, (ppm) 

20.0 

3.1 

1.0 

Rutin 100 

100 

100 

100 

2 

5 

10 

15 

1.5 

0.560 

0.417 

0.390 

~45 

14.5 

10.7 

10.0 

Lignin 100 

100 

100 

100 

2 

5 

10 

15 

0.820 

0.615 

0.395 

0.355 

43.0 

32.0 

20.0 

18.0 

Humic Acid 100 

100 

100 

100 

2 

5 

10 

15 

0.550 

0.250 

0.170 

0.150 

52.0 

24.0 

16.0 

14.0 



Polin-Ciocalteu Test for Phenolics -
Compaxison of Autoclaved and Unautoclaved Solutions 

Cone. Abs 
750 Ats750 

Compound (ppm) Unautoclaved Autoclaved 

Phenol 2 0.20, 0.205 0.51, (0.15) 
10 0.70, 0.70 0.81, (0.42) 
20 0.95, 0.90 0.82, (0.66) 
50 1.3, 1.2 - — 

Hesorcinol 2 0.205, 0.205 0.18, 0.18 
10 0.64, 0.66 0.78, 0.80 
20 1.1, 1.2 0.99, 0.98 
50 . 1.1, 1.4 - -

Rutin 2 0.055, 0.060 0.04, 0.03 
(pH 5 10 0.23, 0.26 0.13, 0.14 
thought up 20 0.41, 0.43 0.27, 0.28 
to pH 8) 50 0.96, 0.98 0.63, 0,64 

Tannic Acid 2 0.0?, 0.07 0.05, 0.05 
10 0.20, 0.205 0.20, 0.210 
20 0.40, 0.39 0.34, 0.35 
50 0.70, 0.71 0.80, 0.85 

Lignin 10 0.16, 0.159 0.20, 0.21 
20 0.335, 0.34 0.385, 0.39 
50 0.94, - 0.86, 0.88 

Humic Acid 5 0.065 _ 

10 0.120 0.129, 0.128 
20 - - 0.215, 0.22 
50 0.50 - 0.51, 0.52 

*Absorbance measurement repeated one day later on same sample. 
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Media Formulae 

1. Nutrient Broth 
4 gm nutrient broth 
2.5 gm NaCl 
500 ml distilled water 

Add 7.5 gm agar "before auto-
claving for nutrient plates. 

3. Minimal Plates 
- autoclave separately: 
675 ml distilled water with 
11.25 gm agar. 
75 ml 10X Spizizen's 
3 ml 50^ glucose 

Add salt and glucose solutions 
to agar solution aseptically. 

5. Top Agar 
0.6 gm agar 
0.5 gm NaCl 
100 ml distilled water 

Autoclave, At time of experi
ment heat top agar in boiling water 
bath, add 10 ml sterile His-biotin 
solution and dispense 2.0 ml into 
sterile test tubes in a 47 C water 
bath. 

?8 

for Ames Assay 

2. IPX Spizizen's 
10 gm (NH^)2S04 

92 gm K2HP04-3 H20 

30 gm KH2P0^ 

5 gm Na Citrate 
1 gm MgS0^«7 H20 

500 ml distilled water 

Add salts one at a time to 
about 400 ml dist. water, with con
stant stirring; wait about 30 min
utes between addition of each salt, 
make up to volume. Autoclave in 
75 ml aliquots. 

4. Ames Phosphate Buffer (0.2 M) 
26.8 gm Na2HPO^-7 HgO 

500 ml distilled water 

Adjust pH to 7^4 with conc. 
HC1 and autoclave in small 
quantities as needed. 

6. His-Biotin Solution 
12.2 mg biotin 
4.0 ml histidine stock solution 

(2 mg/ml) 
96 ml distilled water 

Autoclave. 

7. S9 Mix 
0.5 ml buffer (0.2 M phosphate buffer, pH 7*4) 
0.1 ml S9 fraction 
0.02 ml MgClg solution (0.4 M) 

0.02 ml KC1 solution (I.65 M) 
0.05 ml glucose-6-phosphate solution (0.1 M) 
0.04 ml NADP solution (0.1 M) 

0.73 ml, QS to 1.0 ml with 0.27 ml sterile distilled water. 
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Analysis of Variance - Dose Response 

Source of Variation df. SSq MSq F Ratio 

Total 237 8.562782 0.03612988 1.4948054 
S9 1 0.97795593 0.97795593 40.461076 *** 
Strain 1 0.10860535 0.10860535 4.4933408 * 
Compound 5 0.48687378 0.09737476 4.0286964 *** 
Concentration 3 O.O8725767 0.02908589 1.2033736 
S9 x Str 1 0.79455462 0.79455462 32.873193 *** 
S9 x Cmpd 5 0.40181569 0.08036314 3.3248728 ** 
S9 x Cone 3 0.1678473 0.0559491 2.3147881 
Str x Cmpd 5 0.15612065 0.03122413 1.2918393 
Str x Cone 3 0.05710073 0.01903358 0.78747835 
Cmpd x Cone 15 0.2458471 O.OI63898I 0.67809737 
S9 x Str x Cmpd 5 0.53935754 0.10787151 4.4629796 *** 
S9 x Cmpd x Cone 15 0.26153493 0.01743566 0.72136743 
Str x Cmpd x Cone 15 0.11889222 0.00792615 0.32792945 
S9 x Str x Cone 3 0.1239709 0.04132363 1.709687 
Four-way 15 0.60286689 0.04019113 I.6628319 
Residual 142 3.4321807 0.02417029 

* p = 0.05 
** 5 = 0.01 
*** i> = 0.005 

Only one three-way interaction (S9 x Str x Cmpd) is significant 

at p = 0,005; this supersedes the significant raairi effects and two-way 

interactions. 
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Analysis of Variance - Ozonation 

Source of Variation df. SSq MSq F Ratio 

Total 209 13.059509 0.06248569 1.0983617 
S9 1 0.2407358 0.2407358 4.231999 * 
Strain 1 0.08136499 0.08136499 1.4302185 
Compound 5 0.44579015 0.08915803 1.5672031 
Time 3 0.67400853 0.22466951 3.9491985 ** 
S9 x Str 1 0.44008941 0.44008941 7.7358092 ** 
S9 x Cmpd 5 0.22971624 0.04594325 0.80768184 
S9 x Time 3 O.OI996I63 O.OO665388 0.H696066 
Str x Cmpd 5 0.55347096 0.11069419 1.'9457617 
Str x Time 3 0.17897213 0.05965738 1.0486462 
Cmpd x Time 15 1.7759299 0.11839533 2.0811309 * 
S9 x Str x Cmpd • 5 0.59971355 0.11994271 2.1083305 
S9 x Cmpd x Time 15 0.28081265 0.01872084 0.32907142 
Str x Cpmd x Time 15 0.93283464 0.06218898 1.0931462 
S9 x Str x Time 3 0.05923891 O.OI97463 0.34709676 
Pour-way 15 0.06142121 0.00409475 0.07197675 
Residual 114 6.4854483 0.0568899 

* p = 0.05 
** p = 0.01 
*** p = 0.005 

There were two significant two-way interactions: S9 x Strain 

(p = 0.01) and Cmpd x Time (p = 0.05). These interactions supersede the 

significant'.single main effects. 



Figure 12. S9 x strain interaction (ozonation experiment). The 
bacterial tester strains varied in their response to S9 enzymes: the 
spontaneous reversion rate of TA98 remained basically unchanged when 
S9 was added, but addition of S9 to TA100 caused a decrease in 
spontaneous reversion rate. 

\ 
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