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Abstract. 

Diesel exhaust emissions were collected from a 2 litre direct injection diesel engine using the Total Exhaust 

Solvent Scrubbing Apparatus (TESSA). Emission samples were collected from a series of two minute engine 

runs, at a variety of engine speeds and loads which covered the full operating range of the engine. The exhaust 

extracts collected were then tested for their cytotoxicity and mutagenic potential in cultured 

Chinese hamster cells. 

Emission samples were found to be extremely toxic, with most causing 100% cytotoxicity at concentrations 

of less than 100 /ig/ml. Chromosome aberration studies indicated that less than 50% of the emission samples 

collected induced increases in the numbers of cells with aberrations, and less than 10% induced aberrations 

in cell cultures exposed to emission samples with a supplementary metabolic activation system. Samples tested 

in in vitro sister chromatid exchange assays, induced significant increases in the frequencies of exchanges. 

Linear trend statistics calculated from chromosome aberration data, were used to reflect the relative 

clastogenic potential of individual emission samples. Linear regression of these trend values against physical 

components of the exhaust emissions, showed a significant correlation between sample mutagenicity in 

aberration assays and the emission of oxides of nitrogen (NOx) in the exhaust. Mapping of NOx emissions 

to engine conditions has shown that the mutagenicity of diesel emissions from the test engine tend to be 

highest under condition of low speed/high load and high speed with increasing load. 

Toxicity assays of subfractions of emission samples isolated by column chromatography has shown that the 

toxicity of the emission samples is associated with the aromatic and polar components of the samples. 

The dose responses obtained from mutagenicity assays, in which samples only caused increases in aberrations 

and chromatid exchanges at the same concentrations at uliich cytotoxic effects were observed, suggests that 

the emission may have a limited cytogenetic effects in vivo. 

Mapping of the clastogenicity of emission samples against engine speed and load, has shown that the most 

clastogenic samples collected, were emitted under engine conditions that might be expected to occur under 

urban driving conditions. 

Results of epidemiological studies of health effects of diesel emissions, and recent associations between 

particulate emissions and health effects are discussed. 
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1.1. Environmental impyct.s <>f diesel emissions. 

The diesel engine is probably most familiar as the source of clouds of smoke emitted from buses and lorries, 

particularly in urban areas. However, the diesel in its more refined form as a passenger vehicle engine is 

gaining in popularity, with an approximately four percent increase annually in new car registrations (Select 

Committee 1987). With (he recent advances in engine technology and performance the image of the diesel 

car as a slow noisy vehicle, with poor acceleration and low top speed is being overcome. However, the 

original reason for purchase, that of the relative cheapness of diesel fuel compared to petrol has been 

reduced, due to government incentives for the "greener" unleaded petrol. Although the fuel economy of 

diesel engines is superior to that of petrol, extra mileage in the region of 10 to 15,000 miles per annum is 

required before the benetlts in fuel savings can be appreciated. Even so, the market share of the diesel car 

is increasing particularly in other E C countries (eg. in France diesel cars represent approximately 40% of 

the vehicle fleet). 

Perhaps, the most obvious effect of vehicle emissions, is the soiling of buildings particularly in city centres. 

Diesel engine emissions are the major contributors to urban soiling. This is due to the higher emissions of 

particulate matter from diesel engined vehicles. Diesel particulates also have a particularly adhesive nature, 

due to a coating of adsorbed organic compounds making them "oily" and therefore prone to accumulation 

on stone surfaces. In the early I970's the market for building cleaning in the U.K. was estimated £1.5 

million (Jones 1970 cited by QUARG 1993). In 1987 the value of this market had increased to an estimated 

£110 million, although in the I990's the value has decreased slightly (£79 million), largely as a result of the 

economic recession (Mansfield 1992). Recommendations from the industry suggest that buildings should be 

cleaned every eight to ten years. 

Although building soiling is probably the most evident form of vehicle pollution, particulate matter in the 

form of dust and dirt has also been considered as a subjective indicator of the nuisance of road traffic. Two 

studies (Mackie and Davies 1981 and Clench-Aas fl/. 1991 cited by QUARG 1993), have highlighted the 

increased number of reports made concerning disturbance from dust, dirt and traffic volume. A recent report 

(McCrae and Williams 1992) has indicated that.35% of householders believed vehicle emissions were the 
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major source of household dust. Up to 50% of these believed road traffic was responsible for the majority 

of outdoor dirt, and 25% believed thai outdoor dirt could be damaging to their health. 

1.2. Potential health affects of diesel einission exposure. 

The perceived health effects of diesel engine emissions have received much attention since the early 1980's. 

The initial fears that the emissions themselves had carcinogenic potential, was one factor that resulted in the 

application of stringent emission legislation in the United States that has virtually eliminated the diesel car 

from the US. More recently the emphasis has been directed towards the inorganic rather than organic 

composition of the exhaust. Reports of the increased incidence of asthma attacks and respiratory disorders 

arising from exposure to elevated concentrations of diesel particulate matter or nitrogen oxide (NOx) 

emissions have been published (WHO 1990, cited by Royal Commission 1991). In one case there has been 

a defmite link between diesel emission exposure and the onset of reactive airways disease (Wade and 

Newman 1993). However, the exposure levels were far greater than those encountered in normal traffic 

conditions. 

Apart from the particulate emissions, ga.seous emissions have also been shown to play an increasingly 

important role in the health impacts of diesel emissions. Almost all gaseous components, including sulphur 

dioxide, carbon monoxide and gaseous hydrocarbons have all been implicated in respiratory disorders 

particularly in susceptible individuals (Slober 1992). Another area of recent interest is the effect of chronic 

exposure on those individuals exposed during work, ie. groups such as lorry drivers garage mechanics, 

railway workers, etc. Several long term epidemiological studies have been performed, although few have 

shown any significant contributions of diesel emission exposure to ill health (Guillemine/ al. 1992, Emmelin 

eioL 1993) 

1.3. Trends in fuel consumption, emission burdens and vehicle numbers. 

Current trends in diesel car sales for the past decade are shown below (figure I ). TTie trends in 

registrations illusirateseveral points, first and most obviously the almost total lack of diesel cars in the USA. 

This is almcst certainly the result of the emission legislation implemented, by the US Environmental 
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Protection Agency (EPA). Compliance with these limits is at the moment almost beyond the availablediesel 

engine technology and consequently few passenger vehicle manufactures target the US market. One company 

that still does produce vehicles for the American market are Daimler-Benz. They have proceeded with 

production models incorporating exhaust particulate traps to keep emissions within the range of standards. 

The result of this has not been entirely successful, initially the traps became filled much earlier than 

expected and required either replacement at some cost to the company or regenerating (Select-Commitee 

1987). Another, contributory factor to the low number of diesel engines in the US is the relatively low cost 

of vehicle fuels in the US. Thus, there is no financial incentive to move over to diesel engined vehicles. 

In contrast to the US, the picture in the European market suggests that the diesel engine is becoming widely 

accepted. In France in particular there has been a steady growth in diesel registration since 1986, although 

the rate of growth has decre;ised in the 1990's. At this point diesel cars represent up to 40% of the French 

vehicle fleet. 

Figure I : New diesel cur registrations in selected European countries, and the USA. 
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Another feature of figure 1, is the decline in the German market for diesel vehicles in the late 1980's. T^is 

probably also represents the response to tightened emission legislation during this period. There has been 

a fairly rapid increa.se in diesel registrations during the I990*s, probably stimulated by advances in engine 

design by Mercedes-Benz. In most other countries there has been a modest increase in the numbers of 

diesel registration (ie. the Spanish market increasing by approximately 4% per annum). The most recent 

data available (SMMT 1993) show that there has been a marked increase in the penetration of the diesel 

engined passenger vehicles in all European markets during the eariy 1990's. This may reflect the 

introduction of the diesel engine option, on .several smaller vehicle ranges, coupled with fmancial incentives. 

The percentage of diesel vehicles in the UK has risen consistently from 5.3% of the total in 1989, to 8.7% 

in 1991. The figures for 1992 show a marked increase in purchases, and diesel engined passenger vehicles 

account for nearly 13% of new registrations (SMMT 1993). Future trends in the UK diesel market are 

however unpredictable, due to the application of new emission limits and the requirement for electronic 

emission control devices, which may ultimately lead to an increase in vehicle prices. 

With the increasing total number of vehicles on the roads, there is an increase in the total vehicular emission 

loads in the environment. With the relative increases in the numbers of diesel vehicles, the contribution of 

their specific emissions may become increasingly important. Figure 2 shows the percentage contribution 

of diesel engined vehicles to the total UK pollutant emissions of road vehicles over the past decade. The 

most significant contribution to environmental pollution is by black smoke. Tlie diesel engine is the major 

cause of smoke in the environment producing approximately 47% of the total UK smoke emissions, with 

power stations and other industries producing only 19%. In contrast, diesel engined vehicles contribute less 

than 5% of the total carbon monoxide emissions from road transport. General trends suggest a slight 

increase in the emissions of carbon dioxide (COj) and volatile organic compounds (VOC) with a reduction 
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Figure 2: Emi.ssions of pollutants from diesel vehicles between 1981-1990 expressed as percentages of 
the road transport (otuls in thousands of tonnes. 
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in the contribution of Nitrogen oxides (NOx). TTie decrease in NOx levels is largely attributed to an overall 

increase in the emissions from .̂ park ignition engines rather than a "real" reduction of diesel emitted NOx. 

The latest predictive model of vehicle emission trends in the E C was based on the values for 1988 and 

covered the intervening years up to 2000 (Samaris er al. 1993). Several scenarios were constructed, which 

included influencing factors such as, the introduction of low sulphur content fuels, concurrent reductions in 

emission limits, and the underlying econonuc trends. In all of the cases except one, there was a general 

reduction in total emi.ssion of between 10 and 30 per cent depending on the models employed. The 

exception was that, where an economic boom period was included in the forecast, in which the emission 

levels and distance travelled annually were predicted to increase by at least 15%. The consequence of this 

for the environment particularly in the E C example, is that the emission output is dependent more on the 

economic climate rather than.any introduction of emission legislation or advances in engmejechnqlogy. 
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1.4. Vehicle emission legislation. 

1.4.1 Lej^i.slntion of li^ht duly piLSsenger vehicles. 

Regulatory legislation for vehicle emissions was first implemented in the United States in the early 1960's 

in response to urban photochemical smogs produced in Los Angeles. As a result, there are two standards 

for emission controls, those implemented by the US Environmental protection agency (EPA) nationally, 

and second, more restrictive controls on vehicles enforced on a state basis. The concern over effects of 

emissions in the US, prompted the United Nations (UN) in the late 1960's to consider target emission limits 

for European countries. These regulations were enforced by the Economic Commission for Europe (ECE) , 

a body of the UN. The initial legislation designated as E C E R15. limited only emissions of carbon 

monoxide (CO) and hydrocarbons (HC), and were applicable only to vehicles of less than 3.5 tons. TTiese 

regulations were of limited power, being mandatory only in signatory countries. With the formation of the 

European Economic Community, (EEC) , further restrictions on vehicle emission were applied, with the 

advantage of being compulsory in all member states. The first directive issued by the E E C (70/220/EEC, 

1970), had identical constraints to those of the original E C E R15 regulations. Indeed until 1984 amendments 

to E C E RI5 were routinely adopted by the E E C . Subsequent amendments of both E C E R15 and directive 

70/220/EEC led to reductions in the permitted emissions of CO and HC duriiig the I970's. This regulation 

had the undesirable effect of increasing Nitrogen oxide emissions, which were finally regulated in 1977 by 

both E C E RI5/02 and directive 77/102/EEC. Further restrictions of all emissions were introduced during 

the I980's, hut it was not until 1984 that light duty, diesel engined vehicles were included in the legislation. 

In 1982 the original plan to hannonise emission standards throughout Europe was disrupted when Sweden 

adopted its own national standard ba.sed on the US federal emission standards for 1972 (Neumaim and 

Barthel 1989). Shortly afterwards Austria and Switzeriand also adopted independent emission legislation 

resulting in the division of Europe regarding emission and test procedures. In 1983 discussions on further 

emission restrictions began and were finally agreed by 1985 in what was known as the " Luxembourg 

compromise" (Hecq 1989). 

This compromise was duejo the refusal of Denmark to endorse the proposed limits as tighter restrictions 
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were already enforced nationally (Select Committee 1987). These limits were Anally adopted and published 

as E E C directive 88/76/EEC. This imposed restrictions of emission based on engine displacement, rather 

than on vehicle weight as in previous legislation. Passenger vehicles were separated into three categories, 

those with, (t) displacements greater 21̂  ( I ' l ) between 1.4 and 21, and (Hi) those with capacities of less than 

1.41. This final category was debated at some length, as smaller engined vehicles form the highest 

percentage of some European car fleets, ie; in Italy 84 % of vehicles have capacities less than 1.41 compared 

to 37% in Western Germany (Neumann and Barthel 1989). In the UK, vehicles of less than 1.41 capacity 

comprised approximately 43% of the total vehicle fleet, and of these, diesels represented less than 0,15% 

(SMMT 1990). To overcome the difficulties of replacing a large proportion of the car fleet in some 

countries, a final directive 89/458/EEC was issued to delay the restriction of emissions from these vehicles 

until 1996 (Hecq 1989). Finally, directive 88/436/EEC was issued to restrict diesel particulate emissions 

in passenger cars. The emission limits for several categories of engine and vehicle type with the dates of 

implementation, are shown in table 1. Two values are set for approval the type approval (TA) refers to 

results of tests on single representative engines, whereas the later conformity of production approval (COP) 

refers to testing of engines from the production line. 
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Table 1: Summary of Europe:in passen;;er vehicle emission l imits and dates of implementation. 

Engine Fuel and Dates of implemenlaiion ( I " October of each calender year) 
capacity engine type 

1988 1989 1990 199! 1992 1993 1994 1995 1996 

> 2.0 I 

Diesel IDI 

Diesel DI 

Al l Diesel 

+ petrol 

T A COP l . lg / t -

Particulates emissions TA l . l g / i COP 

TA COP Diesel (30/8) g/t. Petrol (25/8.5) g/t.— 

Gaseous emissions 

> I.4I 
<2.01 

Diesel IDI 

Diesel DI 

Diesel IDI 
+ petrol 

Diesel DI 

TA COP I . I g/t-

Particulate emissions TA l . I g / i COP 

TA 

Gaseous emissions 

COP (30/8) g/t 

TA (30/8) g/t COP 

<1.4I 

Diesel IDl 

Diesel DI 

A l l Diesel 

+ Petrol 

TA COP 1.1 g/t 

Particulate emissions 

TA COP (45/15) g/t 

Gaseous emissions TA ' C O F ' ' ^^ (19/5) g/t 

TA I . l g / t COP 

N.B: TA Type approval. COP conformity of production. 
Particulate emissions in grammes emitted per test = (g/i) 
Gaseous emissions: grammes emitted of CO and HC + NOx per test = (CO/HC +NOx)g/ t 
(Derived from Hecq 1989) 

1.4.2. Emission controls of heavy j^oods vehicles. 

In contrast to the regulation of light duty vehicles, heavy duty vehicles (/e, those greater that 3.5 tonne's 

unladen weight) have, until recently been under few controls. Heavy duty diesel engine emissions are 

currently under legislation from EC directive 88/77/EEC implemented in 1990. Before this limits were 

based only on smoke emissions described by EC directive 72/306/EEC, which was derived from a British 

standard set in 1964. This smoke limit was based on observations of smoke emissions from an engine 

operated at ful l speed and at varying loads. Emissions were qualitatively assessed by a panel of observers 

to determine the "acceptability" of the emissions (HMSO 1991). Due to the nature o f diesel smoke this is 

included under diesel particulate regulations as shown below (table 2). 
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Table 2: He;ivy ;;<>od vehicle emission limiLs agreed hy the European Community. 

Leizislation 

Limit values in grammes per kilowatt hour 

Implementation Carhon Hydrocarbons Nitrogen Particulate matter 
Date monoxide oxides 

< 85kW > 85kW 

Directive TA 01/07/88 11.2 2.4 14.4 No Limit No Limit 

88/77/EEC COP 01/10/90 12.3 2.6 15.8 No Limit No Limit 

Amendment TA 01/07/92 4.5 1.1 8.0 0.61 0.36 

STAGE 1 COP 01/10/93 4.9 1.23 9.0 0.68 0.40 

Amendment TA 01/10/95 4.0 1.1 7.0 0.15 0.15 

STAGE 2 COP 01/10/96 4.0 1.1 7.0 0.15 0.15 

From Select Committee of the House of Lords on the European Community (1987). 

NB: TA = Type approval. COP = conformity of production. 

As with light duty engines two dates of implementation are given (TA & COP). Limits on particulate matter 

in table 2 are separated between two engine cla.sses, those with a maximum rated power above 85 kW, and 

those below. Smaller engines are allowed to emit more particulate matter under stage 1, this distinction is 

not recognised for the stage 2 limits (Royal Commission 1989). 

The latest legislation agreed by the EEC, was directive 93/59/EEC (1993), which became legislation in the 

UK on 28/06/93, and came into force on 01/10/93. This directive was specifically designed to reduce 

emission from light duty vans of less than 3.5 tonnes, in an attempt to close a loophole created in an earlier 

directive (91/441/EEC). This effectively allowed car derived vans, to have higher emissions than a catalyst 

equipped car of the same model. The limits imposed by directive 93/59/EEC are shown below (table 3) 
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Table 3: Emission limits fo r EEC direclive 93/59/EEC, for light duty vans and commercial vehicles 
of less than 3.5 tonnes. 

Vehicle mass 
(Kg) 

Diiies of 
implementation 

Permitted CO 
emissions (g/km) 

Permitted 
HC+NOx 
emissions 

Pemrutted emission 
of particulate 
matter (g/km) 

< I250 

1251-1700 

> 1700 

TA 

COP 

TA 

COP 

TA 

COP 

2.72 

3.16 

5.17 

6.0 

6.9 

8.0 

0.97 

1.13 

1.4 

1.6 

1.7 

2.0 

0.14 

0.18 

0.19 

0.22 

0.25 

0.29 

TA = Type approval 
COP= Conformity of production 
From QUARG 1993 

1.4.3. Future trends in vehicle emission le}>islation. 

The limits sugge.sled by the EC directive are currently three years behind those in force in the United States. 

Reasons for this delay, appear to depend on the diesel fleet and other pertinent emission standards (HMSO 

1991). In the US only large vehicles are diesel operated and these are more economical to modify for 

tighter emission controls than smaller engines. Other factors unique to the European diesel fleet, are 

controls on fuel economy that are important with respect to NOx emissions. The trends in particulate 

emissions are expected to increa.se over the next 20 years, due a rapid increase in the diesel car market in 

Europe, and limited reductions in emi.ssions of particulate matter proposed by the European commission 

(Select Committee 1987). Future trends in legislation are the continued tightening o f emission limits in 

passenger vehicles towards the end of the century, which are likely to be similar to those in the united states 

(QUARG 1993). I f such limits are adopted on a worldwide scale this w i l l open the US market to European 

vehicle manufacturers, po.ssibly generating a resurgence in the popularity of diesel vehicles, i f this is so, 

there is likely to be an increase in the number of die.sel vehicles worldwide in the early 21" century. 

1.5. The diesel engine, design and produc t ion . 

1.5.1. Combustion in the diesel engine. 

The diesel engine, invented in 1892 by Rudolph Diesel, operates on the compression ignition principle. Fuel 

is injected into the-comhustion chamber, which contains air preheated by_ compression from the piston.^ 
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Nonnal engine compression values are roughly 22.1, where the total volume of the cylinder is compressed 

into the much smaller volume of the comhustion chamber. Within the combustion chamber air is 

compressed up to pressures of 45 atmospheres and consequently attains temperatures in excess of 500°C. 

Injection of the fuel under these conditions causes rapid combustion to occur. This is in contrast to spark 

ignition (SI) engines where, the fuel and air are pre-mixed in the carburettor and are then introduced into 

the combustion chamber together, comhustion is then initiated by a high potential electrical discharge. 

The diesel engine is described as "lean bum" ie. fuel is combusted with an excess of air, and therefore fiiel 

economy is improved over SI engines. Diesel engines can be classed into two groups, these are direct 

injection (DI), and indirect injection ( IDI) . This nomenclature describes the method of fiiel introduction into 

the combustion chamber. DI engines simply contain valves (injectors) which deliver fuel into the 

combustion chamber as a jet, which is directed into a bowl in the crown of the piston. In ID I engines the 

fuel is injected into a pre-chamber where air mixing and fuel combustion is initiated. This modification 

allows wider application of IDI engines, as they are quieter and able to operate over a wider range of speeds 

than DI engines. However, there is an associated loss of efficiency, which increases fuel costs. As a result 

DI is widely used in heavy duty vehicles, whereas IDI engines are commonly found in passenger and light 

duty vehicles. Development of high pressure injectors has enabled the fitt ing of some direct injection 

engines to pa.ssenger vehicles (QUARG 1993). 

1.5.2. Aspiration and turhn-ch:ir};in;>. 

Diesel engines can be further classified, depending on the method used to induct combustion air into the 

cylinder (a.spiration). Naturally aspirated engines (as used in this study) depend on atmospheric pressure 

to introduce air into the engine cylinder for comhustion. This is obviously inefficient when the engine is 

operated at high altitude, or more commonly under conditions of high engine speed. At increased engine 

speed the induction stroke is more rapid and therefore less air is available for combustion. This relative 

reduction re.<?ults in a richer combustion mixture, reduced combustion efficiency and therefore higher engine 

emissions. The most common method employed to overcome this fail ing, is the use o f turbocharging (super 

charging). Turbochargers are effectively gas turbines operated from the exhaust stream. Typically 40% 
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of the available energy from fiiel combustion is lo.st through the exhaust stream (Dales & Theissen 1982), 

and a fraction of the loss can he harnessed to improve fuel combustion. Hot exhaust gases are used to drive 

a small turbine, the rotational movement generated, is hamessed to compress air to pressures of up to four 

atmospheres. The compressed air is then either directed into the air intake valves, or passed through a 

cooling system (usually liquid or air). The compressed air is usually cooled in process known as 

intercooling, in an attempt to hirther increase the amount of air available for combustion. Turbocharged 

air can reach temperatures of up to approximately 150°C, and by intercooling the air density is increased, 

and therefore the quantity available for combustion is further increased. 

Several factors have been shown to affect the emissions of diesel engines. These include timing and duration 

of fuel injection, cylinder temperature and the amount of available O 2 for combustion. To appreciate the 

effects of these factors, some basic knowledge of the processes occurring within the combustion chamber 

is required. Most diesel engines operate on the four stroke combustion cycle, as described below and 

illustrated in (figure 3). The four stages (strokes) of combustion are described as follows; 

a. Induction .stroke. During induction, air is drawn into the cylinder through the inlet valve, as the piston 

reaches the bottom of the stroke the inlet valve is closed. 

b. Compression .stroke. The piston starts to travel back up the cylinder compressing the contained air up 

to a maximum pressure of approximately 45 Atm, during this compression the air attains temperatures of 

more than 500°C. As the piston approaches top dead centre of the stroke the fuel is injected as a fine spray 

into either, the combustion chamber (Dl ) or into the pre-chamber ( IDI) . The fiiel rapidly mixes with the 

air and ignites. Combustion causes a further temperature rise and the increasing pressure results in the 

forcing down of the piston into the expansion stroke. 

c. Expansion stroke. This stroke delivers the energy of fuel combustion to the crankshaft. Fuel injection 

continues after the commencement of the expansion stroke. This results in fiiel droplets in oxygen rich 

regions being ful ly combusted, while those that fall into oxygen poor regions are onjy partially combusted^ 
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Fuel injected into regions of no available oxygen become pyrolysed by the intense temperature, causing 

unburnt hydrocarbons and particulate emissions. 

d. Exhaust stroke. As the piston moves upwards from momentum of the crankshaft, the exhau.st valve is 

opened and the combustion gases are exhausted. The exhaust valve closes and the cylinder is set for the 

induction stroke as the piston ayain descends. 

Figure 3: Combustion sequence in a sin;;le cylinder of a four stroke direct injection diesel en;;ine. 

(1 I l i i l a k > ( 2 | C o i n p i C N M o i i ( 3 ) L \ p ( 4 ) L 

From Royal Commission on Environmental Pollution (1991) 

1.6. The cnmposiliiin of diesel exhaust emissions. 

Raw dicsel exhaust can be considered as consisting of three distinct components. These are the gaseous, 

vap<nir and particulate phases. The gaseous phase consists mainly of oxides of nitrogen (NOx) either as NO 

or NO.. These are formed from reactions occurring within the engine cylinder as a result of the high 

temperatures pressures, the nitrogen is derived chiefly from the intake air. NOx are dependent on 

temperature and tend to increa.se with increasing engine speed and load. Road traffic is responsible for 45% 

of all NOx emissions in UK (NSCA 1990). These emissions, after leaving the tailpipe, may undergo further 

reactions with hydrocarbons to produce photochemical pollution. NOx emission may undergo further 

oxidations to form the major component of acid rain. 
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The other major components of the gaseous phase are carbon monoxide (CO) and carbon dioxide (COj). 

C O 2 is typically the final gaseous product o f hydrocarbon combustion in sufficient oxygen, and is considered 

harmless from a health aspect. Under extreme conditions of engine speed and loads, when the air:fuel ratio 

is reduced incomplete combustion may result in the formation of carbon monoxide (CO). COj has a direct 

health effect, by preferentially binding to haemoglobin. Approximately 85% o f all CO is produced by road 

traffic (SMMT 1990). although diesel engines produce significantly less than SI engines, due to leaner 

fiiel/air ratio and effects of turbocharging. Minor components of the gaseous phase include, sulphur oxides 

comprised mainly of sulphur dioxide (SOJ arising from readily oxidised sulphur components o f the diesel 

fi iel. S O 2 may be further oxidised to sulphate (SOj) but this is usually emitted with the particulate phase. 

1.6.1. Vapour phase emissions. 

Vapour phase emissions consist of compounds that are liquids at ambient temperature, but are vaporised at 

the high temperatures of the combustion and exhaust system. The major component o f the vapour phase 

is water derived from complete combustion o f hydrocarbons. The presence o f water i n the exhaust stream 

also influences the formation o f nitric (HNO3) and sulphuric (HjSOJ acids. The reaction o f NOx with water 

results in the formation of both nitrous and nitric acids. These acids may be involved in further 

modifications of hydrocarbon species. In particular, nitration reactions occur which may enhance the 

mutagenicity o f the emissions considerably. Sulphuric acid is also formed by reaction o f sulphur trioxide 

with water from combustion and is usually emitted from the exhaust as an aerosol. The presence of both 

nitric and sulphuric acids forms a significant contribution to the problem of acid rain. Sulphuric acid i f 

present at high concentrations can also induce respiratory dysfunction in certain individuals (NSCA). 

Other important components of the vapour phase, are volatile, relatively low molecular mass hydrocarbons. 

These may arise from the pyrolysis of both the fuel and engine o i l , or may be the product of pyrosynthesis 

within the combustion chamber. Although most o f the vapour phase organic compounds wi l l be condensed 

onto particulate matter before reaching the atmosphere, those compounds that remain in the gaseous state 

may escape detection in conventional exhaust filtration sampling (see section 1.7). 
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1.6.2. Particulate emissions. 

Particulate emissions are defined by the US EPA as any components of the emission excluding water, which 

are retained on filters placed in the exhaust stream maintained at a temperature not exceeding 52*'C. The 

output of particulates from diesel vehicles is typically between two and ten times more than those emitted 

from SI engined vehicles (Select Committee 1987). The majority of the particulate matter exists as 

elemental carbonaceous particles (CJ, to which may be adsorbed various organic hydrocarbon species 

derived from the fiie! oil or pyrosynthesis. These hydrocarbon s-pecies are known as organic carbon (CJ 

and can be extracted from the elemental carbon by solvents. Compounds present in solvent extracts are 

usually known as the "soluble organic fraction" (SOF) of the emissions. Other components of the particulate 

phase include sulphate, and other material, comprising of metal from engine wear. In examining the 

composition of the particulate matter from f~ilter samples Needbam (1990), found 4 1 % to be elemental 

carbon (CJ forming the carbonaceous particles, 25% organic matter (CJ derived from engine oi l and oil 

additives, 7% derived from the diesel fuel, 14% sulphate and water, and the remainder as other material. 

The particulate phase is the portion of the emission currently of greatest concern (QUARG 1993), with 

regards to mutagenicity and health effects. This may be a reflection of the relative lack of investigation of 

the gaseous and vapour phases. 

Probably the mo.st apparent emission from diesel engined vehicles is smoke. Black smoke is observed under 

some operating conditions such as overloading, or may be due to mechanical faults such as faulty injectors 

or fuel pumps (Dales and Theissen 1982). Black smoke is comprised almost entirely o f carbon particulate 

matter and associated organic species. In contrast the production of white smoke is the result o f the 

emission of unbumt fuel as an aerosol and u.sually occurs at low temperatures or cold starting. Occasionally 

blue or grey smoke may he observed, and this is due to the burning of lubricating o i l , caused by mechanical 

defects such as worn pi.ston rings or overfi l l ing. 

1.6.3. Fomiation and composition of diesel particulate matter. 

As a result o f the perceived he:ilth hazards associated with the particulate emissions, these are coming under 

stricter legislation and, this has provided the impetus for several authors to investigate the mechanisms of 

40 



formation and structure of particulate matter. Lakage and Prado (1978), after examining the carbon black 

formed from hydrocarbons combu.sted in oxygen depleted atmospheres, concluded that soot formation 

resulted from simultaneous association of small carbon nuclei and the deposition o f large polyaromatic 

species on their surfaces. The adsorbed organic species may then become oxidised and/or dehydrated after 

expo.sure to the environment within the engine cylinder. The reaction and chemical cracking processes found 

within the engine cylinder are believed to be 200 limes greater than those experienced in the exhaust, and 

therefore most of the particulates formed are destroyed by further oxidation reactions. Particulate emissions 

of turbocharged engines tend to he lower and drop with declining load. The actual sizes of the particulates 

themselves vary between 10-30 nm but larger soot particles have been found to consist o f individual 

sphericiil units of approximately 3 /xm in diameter (Haynes and Wagner 1981). The size of particle does 

not appear to be influenced by engine speed or loading (Amann ef al. 1980). 

Three stages have been proposed for the formation of particulate matter. Graphite type elemental carbon 

particles are first formed from the incomplete combustion of fuel and sump o i l , by subsequent chemical 

cracking, pyrolysis and subsequent dehydrogenation at temperatures of 2000-3000''C. Particles in the size 

region of 1-10 nm in diameter were defined as "carbonaceous nuclei" by Scheepers and Bos 1992. The 

subsequent collision of these nuclei appears to result in agglomeration and the formation of spherical soot 

particles of 10-50 nm in diameter. These soot particles then combine to form chain like structures and are 

further enlarged by the additional adsorption of organic species. Soot particles are estimated to have a large 

surface area of between 50-200 m- per gramme o f soot, comparable with the structure of charcoal (Lies 

1989). 

1.7. Sampl ing techniques fo r the col lect ion o f diesel exhaust emissions. 

Schuetzle (1983) de.scrihed two general approaches to the collection of diesel emission samples these were 

(i) isokinetic sttmpling, using dilution tunnel methods and ( i i ) raw exhaust sampling by passing emissions 

through a cooling system. Of the.se two techniques, the most commonly used and most widely cited is the 

dilution tunnel. This method has been adopted by the US Environmental Protection Agency (EPA) as the 

standard.method for emission sample collection, and is described in the US federal register(1975).-Dilution 
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tunnels were designed to simulate conditions of the exhaust in the first few minutes after entering the 

atmosphere. Although several authors have used dilution tunnels for sample collection the systems used 

appear to vary slightly in their constmction. The main components of the dilution tunnel system are shown 

below (figure 4). Exhaust from the engine is directed into the tunnel where it is rapidly diluted and cooled 

with filtered ambient air. The diluent air is controlled with respect to humidity and temperature, and a 

constant volume is m:iintained to achieve dilution ratios of between ten and fifteen to one. Once diluted the 

exhaust is drawn down the tunnel by the venting fan, entering sampling devices on the way. Figure 4 also 

illustrates some of the sampling devices used for the analysis of both the gaseous phase and particulate 

matter. The major features of the dilution tunnel with respect to the sample are the size and composition 

of the filters used for the collection of the particulate matter. In initial investigations f ibre glass filters were 

used, but these have since been .superseded by Tetlon coaled filters. Teflon is favoured because of its 

enhanced collection of vapour pha.se components. Collection of vapour phase organic compounds that do 

not adsorb to the tillers is achieved by use of organic resin traps such as Pallflex (Peterson 1982), 

Chromosorb (Lee et al. 1979), or Xad-2 (Schuetzle 1983). Xad-2 was recommended by Schuelzle due to 

its chemical inertness to nitrogen oxides. 
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Figure 4: Standard EPA recommended dilution tunnel and associated equipment f o r sample analysis, 
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More recently Ashley (1992) has described a smaller portable dilution tube developed for use in the field 

to meet new US emission .standards. This sampling device consists of a stainless steel jacket into which 

dilution air is fed, surrounding a porous stainless steel tube through which the exhaust gas is passed. The 

dilution air diffu.ses through the porous tube to both dilute and coo! the exhaust gas. 

Despite being the major sampling method reported in the literature. There are those who consider the 

dilution tunnel as inefficient. The most serious drawback of the dilution tunnel is the possibility for artifact 

formation, resulting from prolonged exposure of adsorbed organics to the exhaust. The presence of nitrogen 

oxides and nitric acids has been shown to result in incre;ised nitration of adsorbed PAH, and consequently 

led to higher mutagenicity of exhaust samples (Pitts el ol. 1978, Schuetzle et al. 1983). 

In an attempt to overcome the drawbacks o f tunnel sampling, several authors, notably Grimmer c/ oL (1978) 

have used a direct condensation method for the collection of exhaust samples. The apparatus used by 

Grimmer (1978) and Kraft & Lies (1980) is shown above (figure 5). TTiis apparatus consists of a large 

water cooled condensation chamber through which the exhaust gases are passed. The resulting condensed 

material, mainly water and the components of the ga.seous phase, are collected at the base of the chamber. 

Particulate matter pa.sses through the chamber, and becomes entrapped in standard particulate filters. The 

advantage of this scheme is that the potentially reactive species such as H N O 3 , and H^SO^, present in the 

vapour/gas phase are condensed out of the exhaust stream and cannot then interact with the collected 

particulate matter. 

Kruzel er al. ( I99 I ) presented a condensation method that eliminated the need for particulate filters entirely. 

The exhaust gases in this method were bubbled through a series of large reaction vessels containing 

dichloromethane (DCM). The vessels were cooled by liquid nitrogen to maintain temperatures of -30°C and 

-70*'C. By passing the exhaust through a fritted glass disc in the first vessel the exhaust stream was broken 

into small bubbles, increasing the efficiency of the extraction of organic material f rom the exhaust. One 

drawback o f this system was, the recovery of the SOF of the exhaust required the concentration of 

approximately 2 1 o f DCM from-each reaction vessel to a volume of approximately I5ml. This was 
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achieved using Kudema-Danish apparatus which requires several hours for total solvent removal.. 

In attempts to eliminate potential artifact fonnation caused by filter collection or by sample concentration 

and work-up. some authors have chosen to expose test organisms (usually bacteria) directly to the exhaust 

stream. Jones et al. (1985) exposed 14 cm diameter plates preseeded with Ames Salmonella strains to 

diluted gasoline exhaust through a slit sampler (see section 1.11). 

1.7.1. The "total exhaust solvent scrubbing apparatus" (TESSA). 

The TESSA system was designed by Fetch et al. (1987) for the collection of engine emissions with respect 

to polycyclic compounds. The system is basically a condensation trap, and contains features common to 

thoseof both Grimmer e/a/. (1979) and Knizel c /a / . (1991). Exhaust gases are scrubbed of organic species 

via intimate contact with an organic solvent stream of dichloromethane (DCM) and methanol. Figure 6 

shows the external features of TESSA in situ. The sampling apparatus consists o f a stainless steel tube in 

two sections to facilitatecleaning (figure 6 A & B). The upper section is partially packed with graded glass 

tubing of various diameters supported by a steel mesh, to give an estimated internal surface area of 

approximately lOm^. The base and upper regions of the tower above the glass packing are cooled by via 

internal and external cooling coils (figure 6 C), containing water at 4*'C pumped f rom a cooling reservoir 

(figure 6 D). 

In this investigation the solvent reservoir was originally gravity fed and mounted above and behind the tower 

that was itself located over the rear of the engine. Since the collection of the emission samples used in this 

investigation, the tower has been, mounted to the side of the engine. The solvent reservoir has been 

relocated to its current position (Figure 6 E) and pressurised with compressed air to maintain a constant f low 

rate during sampling. The exhaust to be sampled enters the base o f the tower through the jacketed transfer 

line (Figure 6 F). and passes up through the tubing. This is where sample condensation and extraction 

occurs. The scrubbed exhaust stream then continues up through the baffles to finally exit from the top of 

the tower to be exhausted into the atmosphere. The sample/solvent drains to the base o f the tower, where 

i t is collected (Figure 6 G).into suitable vessels containing distilled water. Figure ? (oy^ the internal 
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arrangement of cooling coils and baffles of TESSA. During siimpling the solvent enters the tower at a point 

above the glass tubing. However, when sampling is completed the tower is rinsed by solvent entering from 

the tower exit, in this way the cooling bafiles are also scrubbed of any remaining exhaust sample. 

Due to the design of the TESSA the organic species either in free gaseous state, or adsorbed to particulate 

matter, are rapidly cooled and dissolved in the sample solvent. By collecting the sample into distilled water, 

acidic species are removed from the organic phase thus limiting any post collection modification of the 

sample (Trier 1988). Constant removal of the sample/solvent from the tower serves to limit potential 

artifact formation, caused by continuous exposure of the siimple to the exhaust stream. The engine test 

facility as it now exists is shown below (figure 8). 
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Figure: 6 External view of the 
Total Exhasut Solvent Scrubbing 
Apparatus in situ. 

Key to TESSA. 
A upper tower section containing baffles and glass 
tubing, B lower tower section, C external cooling coils, 
D coolant reservoir, E sample solvent reservoir, F 
exhaust transfer tube, G sample colleaion tap. 

Figure 7: Schematic diagram 
showing the internal constrcution 
and dimeasions of the TESSA. 
Reproduced f rom Trier 1988 with 
permission. 
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Fi;;ure 8: The diesel en^sine ti-st faeility at the Plymouth. 

Both the engme speed and the load appliexl from the dynamometer are regulated from the dynamometer 
control (figure 8 A) , which gives a digital display of both parameters. Engine speed is controlled manually 
by a control rod (figure 8 C). Operational parameters of the engine such temperature, oi l pressure etc. are 
displayed on the panel (figure 8 B) which also contains the sampling operation control. The air filter/intake 
for the engine is located to the rear of the engine behind the sample transfer pipe (figure 8 D). Finally 
exhaust emissions from the three unsainpled cylinders are removed via the exhaust pipe (figure 8 F). 
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1.8. The chemical composi t ion o f diesel exhaust emissions. 

The finding that diesel exhaust emissions could cause mutations (Huisingh et al. 1978) led to massive effort 

to identify and characterise the individual chemical components of exhaust gases, particularly with respect 

to their concentration, and distribution between the gaseous and particulate phases. The primary products 

o f complete diesel combustion are CO^ {13%), and H jO (13%) with nitrogen from the air representing 73%. 

The remaining 1 percent represents compounds formed by incomplete combustion o f the diesel fi iel or engine 

oi l , with the emission of CO and oxygenated and nitrated derivatives of the hiel and o i l . These incomplete 

combustion products represent thousands o f chemical species found in both the vapour and particulate phases 

of exhaust emissions (Zaebst et al. 1988). Table 4 below shows some compounds and chemical groups 

readily identified in diesel exhaust emissions. 

Table 4; Some chanical species and groups found in diesel engine exhaust miissions. 
Particulate phase Gaseous phase components. 

Heterocyclics and derivatives Acrolein 
Hydrocarbons (C14-C35) and derivatives Ammonia 
Inorganic sulphates and nitrates Benzene 
Metals 1.3 - dibutadiene 
Polycyclic aromatic Hydrocarbons and derivatives Formaldehyde 

Formic acid 
Heterocyclics and derivatives 
Hydrocarbons (CI-CI8) and derivatives 
Hydrogen Cyanide 
Hydrogen Sulphide 
Methane 
Methanol 
Nitr ic acid 
Nitrous acid 
Nitrogen oxides 
Polycyclic aromatic hydrocarbons and derivatives 
Sulphur dioxide 
Toluene 

Adapted from I ARC (1989) 

1.8.1. Distribution o f components between vapour and particulate phases. 

The distribution of chemicals between these two phases is determined by several factors. These include, 

the vapour pressure of the compound, the temperature of the exhaust stream, and the relative concentration 

of particular compounds. Several investigators have calculated distribution coefficients o f individual 

chemical species and empirical relationships between molecular inasses and partition coefficients have been 
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described. (Schuetzle and Frazier 1986. Schuetzle 1983). 

1.8.2. Chemical composition o f the Gas \ Vapour phase. 

The gaseous phase of diesel emissions comprises mainly C I - C I 8 hydrocarbons, two to four ring PAHs and 

nitrated and oxygenated derivatives of CIO to C12 hydrocarbons and two and three ring PAHs. CI-CIO 

hydrocarbons are mainly the result of pyrolytic cracking of higher molecular mass materials during 

combustion (lARC 1989). 

1.8.3. Chemical composition o f Particulate Phase emissions. 

Although as shown in table 4. there appear to be few chemical groups associated with the particulate phase, 

the PAH group represents several hundred individual chemical species that exist either as parent PAH 

molecules or as chemically substitute derivatives. PAH are abundant throughout the environment, present 

in the atmosphere as well as terrestrial and aquatic ecosystems. They are of particular importance as some 

members of the group have been shown to have capability to cause cancer in both animals and man (ie 

benzo(a)pyrene etc. Grimmer et al. (1979). 

Several authors have produced listings o f the various PAH found in diesel emissions, (Schuetzle 1981 and 

1983. Claxton 1983,), some of which are illustrated in table S.with dieir relative carcinogenic potential. 

With the increasing sensitivity and resolution of both GC/MS and HPLC many other classes of compounds 

are being identified and characterised. The molecular structure and physical properties of some of the more 

abundant PAH present in diesel exhaust emissions, are illustrated in table 6. The effect of additional 

functional groups on the properties of some compounds is illustrated by the examples of pyrene and the 

nitrated derivative l-nitropyrene(l-NP), where addition of the nitro (NO2) group increases the boiling point 

from 150°C (pyrene) to 247*C (1-NP). there is also a change in the clastogenic potential with 1-NP inducing 

chromosome aberrations in the presence o f metabolic activation. The mutagenic and carcinogenic potential 

of some of these compounds are discussed further (section 1.11,4) 
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Table 5: Some PAH species identified in diesel exhaust emissions w i l h the corresponding 
c;]rcino;;enicity and muta;>enicily ol' selected compounds. 

ConipountI Molecular mass Carcinogenicity 

Acenapthylcno 152 C 
Ruorene 166 C 

Trimeihylnaphihalcnc 170 

Anlhrocenc 178 0" 

Phcruinthrcnc 178 0-

Dinicthylhiphcrnyl 182 

Tclranicthytiu|ihihalciic 184 

Dihenzoihiophenc 184 

4H- 190 

2-Mcthylaiilhmcciic 192 0* 

2-MethyIphciianthr\:iit: 192 

3-Mclhylphciiaiilliri:iit: 192 

Triniclhylhipliijiiyl I9A 

Meihytdihciunthiciphcnc t9K 

Bcn/Dccnaphll inlcitc 202 

Fluoronihcnc 202 +' 

Pyrenc 202 0* 

2-Phcnylnnphihnlcnc 204 

DiiiKihylphcnanihrcnc 206 

2-Eihylphcnflntlireiic 206 

D i nicih y 1 p li ciu nt h rc nc 206 

Bcn2o(rf<?/)dihcnzoihiophonc 208 

Ethyldibeiizoihiophcnc 212 

Ben7o(/T)nuon:nc 216 0* 

Be nzo fl 11 o rc lie 216 

Mcihyiriiioniniltcne 216 

l-Mcihylpyrcnc 216 c 
Elhy 1 mel hy 1 p he na nl h re ne 220 

Bcnzo(x/>Onuoranlheiie 226 

Cyc lope nia (rf/)py r*: 226 +• 

Be nz(n)a nl h race ne 228 +• 

Chryscnc 228 +• 

Be nzoiiaph I h oi h iophe ne 234 

Bcnzo(/j)nophiho^3,/- 234 

Mcihylbenz(rt)anihracenc 242 + +• 

3-McUiylchrysonc 242 +' 

Bcnzo(fr)niioranihcni: 252 + +' 

Bcnzo(/)niioninlhene 252 + +• 

Benzo(/t)nuoninlhene 252 + +' 

B«:nzo(r)pyn;nc 252 + +• 

Benzo(fi)pyn:nc 254 0 / + ' 

1.2-BinaphihyI 254 + +• 

2.2-BiiiaphihyI 254 

1-Phcnylphcnanthrene 254 

Dihenz(/i,/))anlhractfnc 278 +' 

Coroncne 300 0 / + ' 

Dibcnzopyrenc 302 0/ + '' 

O =noncarcinogenic, + weakly carcinogenic, + + strongly carcinogenic. 
N.B. These are approximations of relative activities. 
' Adapted from Lee er al. ( l 9 8 l ) / f r o m Pucknat (1981) 
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Table 6: Structures, physical properties and mutagenicity of some common PAH, 

Molecular structure Chemical name Structural 

formula 

Boiling 

point 

Melting 

point 

Mutagenicity' 

+ M A - M A 

naphthalene 

anthracene 

pyrene 

1,6-
dinitropyrene 

I4»M0 

^16^10 

benzo(a)pyrene ^o^n 

fluoanthrene ^ i 6 ^ i o 

l-nitropyrene C^gCHgNOj 

87.5-

226-^ 

260+ 

310-

393* 

80.5-

216-*-

150.4+ 

178.8+ 

110" 

247.2* 

292.2* 

+ 

From * Buckingham (1991), + Weast & Astle (1985) 
' Mutagenicity data from chromosome aberration assays with CHO cells both with and without metabolic 
activation'(MA) from Ishidate, Mr(1988); 
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1.9. Mu(aj»enicily and carciiio;^enici(y. 

There has been some confusion in the field of genetic toxicology, due to the inconsistent application o f the 

terminology. Mutagenic, genotoxic, and clastogenic have all been used interchangeably at some point in 

the literature. The DOH (1989) defines "genotoxic" as a "loose term applied to substances that are generally 

harmful to genetic material". Bnisick (1980) defined genotoxic as substances usually having a chemical or 

physical properties that fncilil;Ue interaction with nucleic acids. In contrast "mutagenic" described the ability 

of a substance to induce muiaiions. Mutations have been described by Venitt and Parry (1985) as "heritable 

changes in nucleotidesec|uence or number", and by the DOH (1989) as "permanent changes in the amount 

or structure of genetic materiar. It is apparent that a mutagen can affect the DNA within a cell, causing 

changes varying from the base pair setjuence, to the structure or number of the chromosomes. 

There has been a general trend to describe compounds that cause mutations at the molecular level as 

"mutagens", where;is those compounds which cause chromosome aberrations are termed "clastogens". TTiis 

view was supported by Brusick (1980). who identified several compounds such as, base analogues, 

hydroxylamine, and some intercalating agents {eg. acridine), that cause point mutations but which have little 

effect upon mammalian chromosomes. These could not therefore be defined as clastogenic, however, Arlett 

and Cole (1988) have suggested that there may be very few compounds that cause gene mutations that are 

not clastogenic. This scenario has been tiirther complicated by another class o f compounds termed 

"Turbagens" by Brogger (1979). The.ses do not interfere with DNA directly, and so therefore fail to fit the 

definition of genotoxic of Bnisick (1980). Turbagens interfere with normal spindle formation during cell 

division, this interference may result in non-disjunction of one or more chromosomes resulting in 

anueploidy in progeny cells, other effects include endoreduplication, which may to lead ultimately to 

polyploidy. Thus, as Turhagens can affect the amount of DNA at the chromosome level they can technically 

be classed as mutagens following the DOH definition. 

1.9.1. Types of mutation detected or observed. 

Mutations occurring within cells have been divided into three categories. Each category represents the types 

o f effects observed at higher-orders of DNA structure, from molecular DNA to the entire chromosome set. 
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Although it is itpparent that no one test can delect all three categories, the presence of chromosomal or 

genome aberrations may also he taken as evidence for the occurrence of mutations at the base level (Brusick 

1980, UKEMS 1988). 

(i) DNA mutations. 

These are point mutations occurring in the molecular sequence of the DNA, which include base substitutions 

and deletion/insertion or frameshift mutations. Base substitution may have several consequences for the cell 

in which they occur. Substitutions can be distinguished into two types, transitional where one purine is 

substituted for another, and tranversionai where purines are replaced by pyrimidines and vice versa. The 

effect o f changing single bases may result in incorporation of the wrong amino acid in the final peptide 

product. Although, this may be of no direct consequence to the function of the peptide, in cases where the 

change affects the peptide folding, or the substrate binding site of an enzyme, the function of the protein 

may be lost. Occasionally, base substitution has a dramatic effect upon the peptide function eg. the 

formation of a stop codnn may result in premature peptide termination and subsequent loss of the gene 

product in mutant cells. 

Frameshift mutations occur by insertion or deletion of a single base pair. This may occur by the intercalation 

of certain mutagens into the DNA, subsequently distorting the structure. This results in the change of the 

reading frame and usually a nonsen.se peptide is formed. Substitution and deletion mutations are generally 

induced by different classes of mutagens (Brusick 1980). 

(/7) Chromosomal mutations. 

Chromosomal mutations are detectable by light microscopy of metaphase cells, as gross morphological 

alterations of the chromosome structure. These chromosome aberrations have been comprehensively 

categorised by Savage (1975). Types of aberrations vary from simple breaks, where detached fragments 

of either chromosomes or chromatids are observed, to complex interchanges, in which chromosomes rejoin 

incorrectly to form a number of configurations including triradial and dicentric chromosomes. Other 

chromosome mutations may only be delectable with chromosome banding methods, or more recent 

54 



fluorescent hybridisation techniques. These type of mutations include, translocations where portions of one 

chromosome become joined to another, and small interstitial deletions. Most gross chromosome aberrations 

are usually fatal to the affected cell, and therefore may be of little genetic consequence. Although some 

small deletions and reciprocal translocations may be compatible wi th l i fe they may have serious 

consequences for the individual. 

{Hi) Genomic mutations. 

Genomic mutations refer to changes in the numbers of chromosomes with in the cell. These can vary fiom 

conditions known as polyploidy, where the normal diploid number of chromosomes is doubled or tripled 

usually without any chromosome loss. The loss or gain o f a single chromosome is known as aneuploid, 

which may arise by non-disjunction o f chromosomes during mitoses or meiosis. Aneuploid cells in zygotes 

may be compatible with cell survival as evidenced by a number o f disorders, eg. trisomies and rare 

monosomies. Aneuploidy is usually diff icult to discern in cells prepared using conventional chromosome 

spreading techniques due to the potential loss of chromosomes from metaphase spreads preparation. The 

situation is fiirther complicated in cultured cell lines, by the natural variation in chromosome numbers 

exhibited by individual cells. I t is recommended that only increases in numbers are recorded as evidence of 

aneuploid (Dean and Danford 1984). 

1.9.2. Consequences o f mutat ion. 

There are two factors that influence the outcome o f a particular mutation, these are the level of DNA 

organisation at which the mutation occurs (ie. DNA or chromosomal), and the type o f cell in which the 

mutation occurs, either somatic or germinal. Obviously mutations occurring within germinal cells, pose a 

high risk of expression in the offspring, and even i f not expressed, they still represent an increase in the 

genetic burden within the population. 

Bnisick (1980) emphasised that a major reason for mutagenicity testing is to identify compounds that may 

detrimentally affect the human gene pool, and to l imit the accumulation o f potentially damaging genes in 

subsequent generations. Large increases in the genetic burden o f a population, result in a situation referred 
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to as genetic death. Here there is general reduction of viability in the form of pre-reproductive death and 

sterility o f individuals. 

1.9.3. Genetic disorders arisin;* f rom mutations in germinal cells. 

Disorders found in humans, can be attributed to all three categories of mutation which have occurred in 

genninal cells. The most commonly observed chromosome abnormality, in both neonates and examined 

spontaneous terminations is aneuploidy. This is the loss or gain o f chromosomal material. Estimations of 

the frequency of aneuploidy at conception range from 8-10% (Alherman & Creasy 1977) to 50% (Bou6 ct 

al. 1975). Trisomies of all chromosomes have been observed although in significantly different numbers 

for different chromosomes, the most common in live births are trisomies of chromosomes 13, 18, and 21, 

whereas trisomy 16 is most common in spontaneous terminations. In contrast to the relatively frequent of 

trisomies, only one example of monosomy is commonly found, this is XO, (Turners syndrome), autosomal 

monosomy is believed to result in pre-implanlalion death of the zygote and consequently is not observed. 

Structural rearrangements of chromosomes are classified into two types, balanced or un-balanced depending 

on the net outcome of the genome. Balanced aberrations predominate in live-births, and unbalanced in 

spontaneous teniiinations. The most commonly cited defect associated with DNA mutations is sickle cell 

disease, but other haemoglobinopathies have also been shown to result from single base changes, either 

transition/transversion mutations or frameshift mutations arising from insertion or deletion of single bases 

(DOH 1989). 

1.9.4 Mutatioas in somatic cells. 

Mutations occurring in somatic cells wi l l affect only the individual and as such poses no risk to the gene 

pool. The major outcome of mutations within somatic cells is believed to be the initiation and onset of 

cancer. Since the somatic cell mutation theory was first postulated in 1914 (Boveri) there has been an 

accumulation of evidence to show the role of both gene and chromosomal mutation in tumorigenesis. 

Despite some evidence of hereditary pre-disposition to some forms of cancer, the majority of tumours are 

believed to result from environmental factors. Initial studies showed evidence for an increase in the 

incidence of cancer in workers, associated with certain industrial processes. Yamagiwa & Ichikawa (1916. 
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cited by Griciuie 1979) firsi demonstnued the tumorigenic potential o f coal tar, and this led to the subsequent 

identificationof (he chemical species responsible. The first demonstrable chemical carcinogen identified was 

benz(a,h)anthracene in the I930*s, since this time various PAH have been identified as potent carcinogens. 

In the late 1940*s Berenblum &. Shublik stated that cancer was the result o f at least a two stage process, 

consisting of an initiation event that was irreversible, and a subsequent promotion event. This led to 

identification of groups of compounds that were specific for either tumour initiation or promotion and 

occasionally both. The number of stages involved in tumour formation was increased, to at least several 

by the publication of age/incidence curve for various cancer types by Armitage (1954 cited by MacDonald 

& Ford 1991). These showed that the incidence of cancer increased with increasing patient age, and was 

presumed to be the result of an accumulation of different mutational events. The multistage process for 

transformation of the benign adenomas of familial adenomatous polyposis (FAP) was shown by Fearon and 

Vogelstein (1990, cited by Macdonald and Ford 1991), to be the result o f several mutations. Initiation was 

believed to be cau.sed by the mutation of the FAP gene, subsequently followed by mutation of a cellular 

oncogene, and the fimctional loss of two tumour suppressor genes. These results suggest that the individual 

cell has several control mechanisms for growth and differentiation, and that several different mutations to 

are re<|uired overcome them. 

1.9.5 Mut;itinas within somatic cells implicated in the init iat ion and onset of oncogenesis. 

Before the discovery of oncogenes as such, the first consistent chromosome aberration observed associated 

with malignancy was described as a deletion of 22q (Nowell & Hungerford 1960 cited by Hodgson & 

Maheer 1993). Tliis was termed the Philadelphia chromosome. With the development of chromosome 

banding techniques, allowing investigations of chromosomes with greater resolution this deletion was 

reclassified as a translocation t.9.22 (Rowley 1973). Epstein (1986) categorised chromosomal aberrations 

associated with tumours into two classes; ( i ) balanced translocations, and (i i) aneuploidy, including trisomy 

and monosomy, and deletions and duplications of chromosome segments. 

The numbers of aberrations observed in tumour cells are varied and most are acquired after the initiation. 
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of the tumour. In an attempt to identify any common aberration types, Milelman (1983, cited by Epstein 

1986), compared the aberration types observed from several tumours. Approximately 50 types of aberration 

that occurred singly in al least two or more tumours were identified. The implication of this finding was 

that there were only limited number of chromosomal break points associated with tumorigenicity. In a 

follow-up study of over four thousand tumour karyotypes (Mitelman 1984), 96% of tumours were found to 

contain at least one previously identified break-points. Subsequent mapping o f the chromosomal sites of 

known oncogenes, showed that 19 of 26 studied, were located at common break-points (Heim & Mitelman 

1987 cited by MacDonald and Ford 1991). This provides stronger evidence for the roles of oncogenes and 

chromosomal events in the initial stages o f carcinogenesis. 

The classic example of a translocation intimately involved in a human malignancy is that of Burkitt's 

lymphoma, in which translocation of the c-myc oncogene to the heavily transcribed regions of the 

immunoglobulin genes, results in the increased tran.scription of the c-myc gene. The c-myc gene product 

is now thought to he implicated in initiating DNA synthesis, and overexpression may stimulate the cell into 

constant cell division. Introduction of c-myc alone into other cell types does not cause cell transformation, 

although subswiuent introduction of other oncogenes or transforming agents may lead to a transformed 

phenotype (MacDonald and Ford 1991). 

l . I O A review of short - term tests f o r the detection o f mutagens. 

To identify the induction by certain chemicals, of mutations, numerous short-term mutagenicity/genotoxicity 

tests have been de.scribed (Kilby and Legator). These include tests in a variety of bacteria, animals and 

plants, both in vitro and in vivo. The increasing popularity of short-term test is the result of the increasing 

cost of lifelong rodent carcinogen i d y assays. These lifelong assays may take up to five years before results 

are obtained, and cost between £100-500 000 (Walker 1985) to perform. Despite the numbers and variety 

of short-term tests available, very few have been sufficiently validated either with test chemicals, or in 

different laboratories to enable their routine use, consequently only a small number are routinely employed. 

The most common reported a.ssay is the salmonella reverse mutation assay, or Ames test. 
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1.10.1 An overview of the Ames Salmonella Assay. 

This is the most widely used and most highly validated mutagenicity test and has been widely reviewed 

(Ames 1971 & 1983. and Ames and McCaim 1975). Briefly summarised, several strains of Salmonella 

typhimurium were constructed, with mutations in the histidine biosynthesis gene (eg. TA98, TAIOO. and 

TA1535 etc). This mutation prevents the normal bacterial production of histidine. which is supplemented 

into the growth media for the bacteria to grow for a few growth cycles in the presence o f the test compound. 

The presence of mutation hotspots within these genes, makes them particularly sensitive (depending on the 

strain used) to the action of both base pair substitution and frameshift mutagens. A mutation at these 

hotspots, reverses the original mutation allowing continued bacterial growth on the histidine deficient media. 

The resulting cell growth results in colony formation after incubation for 48 to 72 hours. The number of 

colonies is usually directly related to the concentration of the test mutagen. 

This method is popular for a number o f reasons, but mainly because the test is cheap, rapid, and no special 

training is required for scoring colonies. The scoring procedure in most testing facilities has also now been 

fiiUy automated, with automatic counters available commercially. The test is also sensitive, only small 

sample masses are required for exposure of many thousands of cells to the test compound. This feature has 

lead to the development of bioassay directed fractionation of complex environmental samples (Lewtas 1988. 

Schuetzle & Lewtas 1986. Schuetzle & Daisey 1990). Application of metabolic activation has also allowed 

the testing of mutagenic metabolites of mammalian metabolism rather than bacterial. Development of 

Salmonella strains TA98 and TAIOO with their particular sensitivity to PAH, has led to their almost 

exclusive use in PAH mutagenicity studies. 

Perhaps the most significant feature of the Ames test is its reproducibility and consistency between 

laboratories. A l l strains are freely available from their original source, and as a result, i f positive control 

data are consistent with the well-documented norms, and standard GLP procedures are followed, then data 

generated woridwide can be directly compared. 

Despite the popularity of the Ames test the reliability and sensitivity of the test have been questioned. The 

initial estimates suggested that 90% of carcinogens were mutagens made by Ames (1975), has now been 
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reduced with the discovery of non-mutagenic carcinogens, and mutagenic non-carcinogens. Tennant et al 

1987, has shown that the correlation between the sensitivity of the Ames test and the carcinogenicity of some 

compounds that may be species, sex, or organ specific may be as low as 45% (UKEMS 1990). There has 

also been some debate over the relevance of extrapolation of the bacterial cell data to events occurring in 

vivo in humans. Consequently several authors and governing bodies, recommend the use of the "Ames 

a.ssay" as an initial screen for genotoxicity to be supplemented by other assays including the mammalian 

cell cytogenetic assays described below (1.10.2.) 

1.10.2. /// vitro mammalian cy(o;jeiietic assays. 

The most commonly employed /"// viiro cytogenetic a.ssays are the chromosome aberration (CA) and sister 

chromatid exchange (SCE) assays, both have their limitations, but have advantages over bacterial systems. 

These include, the detection of clastogenic agents that are not mutagenic in bacteria, and the broad 

assumption that genotoxic agents interact with mammalian DNA of different species in the same way. 

Cytogenetic assays have developed from cytological examination of chromosomes, and have been 

standardi.sed with the publication of treatment protocols and statistical methods for the analysis of the 

resulting data. 

Chromosome aberration a.ssays can be performed using a number of different cell types, ranging from long 

term rodent cultures, to freshly isolated human lymphocytes. The major consideration in selecting a cell 

line is the number and morphology of the chromosomes. Human lymphocytes are often used due to the 

perceived relevance of human tissue in mutagenicity studies. However, the most widely used cells are 

established rodent lines, usually derived from hamsters. Tliese are preferred due to the ease of culture and 

the constitution of the karyotype. Most lines originating from ham.ster cells, have approximately 20 

chromosomes that vary greatly in size and morphology. One disadvantage in the use o f most rodent cultures 

is the requirement for a supplementary metabolic activation system (section 1.10.4). 

The major disadvantage of aberration assiiys is associated with scoring of aberrations, this is often a long 

and tedious process, which also requires familiarity with the karyotype of the cells used, and the recognition 
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o f different aberration categories. The scoring of aberrations is also highly subjective, and there is usually 

some variation in the results obtained from different scorers, even when using the same preparations. Other 

difficulties associated with aberration assays include, the adoption o f slightly different procedures for 

conducting the assays in different laboratories. Consequently, several attempts have been made to define 

a standard protocol for these assays eg. Galloway ei al. (1985) and Swierenga et al, (1991), although minor 

modifications are still made. In vitro cytogenetic assays are also relatively more expensive than bacterial 

assays, Arlett & Cole (1988) suggested that the cost o f a single aberration assay is with i n the region £5000. 

The continuing popularity of aberration assays has led to, the standardisation of the nomenclature of 

aberration classes (Savage 1975), and the development of statistical techniques for the analysis of data 

(Margolin et ai (1983), Margolin et al (1986) Cooke et al. 1990). 

1.10.3. The sister chromatid exchange assay. 

Sister chromatid exchanges were first identified by Taylor (1958 cited by Taylor 1982) using 

autoradiographic techniques. However, it was not until the development o f techniques using thymidine 

analogues and fluorescent stains by Latt (1974 cited by Latt 1982) that SCE*s could be visualised using 

fluorescent microscopy. The most important modification to this technique, was the development of the 

fluorescent plus giemsa (FPG) method by Perry and Wol f f (1974), which resulted in permanent preparations, 

this enabled the visualisation of SCE*s by light microscopy. The techniques for visualising SCE's, and 

discussions of their origins and genetic significance, have been reviewed by W o l f f (1982). 

The procedure for distinguishing SCE's by the FPG technique, relies on the incorporation of the thymidine 

analogue 5-deoxy Bromo-uridine (BrUrd) in to the DNA o f replicating cells. By culturing cells for two 

roimds of replication, the resulting chromosomes consist of two differentially labelled chromatids, one 

doubly and one singly substituted with BrUrd. The harvesting o f cells and preparation o f slides is performed 

in a similar way to that chromosome aberration assays, with the exception that all procedures are conducted 

under subdued lighting to prevent photodecomposition of BrUrd substituted D N A . Chromosome preparations 

once dyed are then incubated in a solution of Hoechst 33258. before exposure to an intense lightsource 

(usually _U.V.) to degrade the chrpmatids. After exposure, the singly substituted chromatid, w i l l be 
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degraded to a lesser extent than the doubly substituted one. Counter staining with giemsa results in one 

darkly and one palely stained chromatid. Exchanges are observed as alternating light and dark segments 

along the length of the chromatids (figure 9). 

The underiying mechanism for the formation of SCE's is unclear, although there is evidence that it is 

unrelated to the formation of chromosome aberrations. This was demonstrated by W o l f f (1974), who found 

that exposure of cells to X-rays caused large increases in the niunbers of cells with aberrations, with little 

or no increases in frequencies of SCE's. Another requirement for SCE induction is that the cells pass 

through the S phase of the cell cycle. The S phase dependency led several authors (Painter, Ishii & Bender, 

and Ikushima, all 1980 cited by Wol f f 1982) to suggest that SCE formation occurs during DNA replication 

and may involve strand breakage and rejoining at the replication fork. 

The observed increases in SCE frequencies following cells exposure to known mutagens has led to their use 

as a convenient cytogenetic endpoinl. In most studies, increases in SCE frequencies occur at mutagen 

concentrations that are below those that induce chromosome aberrations. This is taken as evidence that the 

SCE assay is more sensitive than aberration assays in detecting potential mutagens. The sensitivity of the 

assay coupled with the ease of scoring exchanges, and the reproducibility o f results obtained by different 

scorers makes the SCE assay an attractive complement to aberration assays. 

Figure 9: SCG induction in CHO cells following exposure to the known mutagen MNNG. 
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t .10.4. Supplementary metabolic act ivat ion. 

Supplementary metabolic activation was first applied to mutagenicity testing in the Ames salmonella assay 

( Ames 1971), in an attempt to model the potential metabolic pathways of mutagens in mammalian cells. 

The activation system is usually a crude microsomal preparation o f rat liver, although other rodent and 

mammalian species have been used (Leber et al. 1976). The microsomal fraction of liver homogenates is 

usually referred to as the S9 fraction (obtained after centrifiigation at 9000 xg). and is composed mainly of 

microsomes formed from the endoplasmic reticulum of cells. These microsomes contain a group of mixed 

function oxidases knouTi as the cytochrome P450 enzymes. These are named after the characteristic 

absorbance spectrum of the reduced enzymes when complexed with carbon monoxide that has a k maximum 

al 450 nm. 

Investigation of these cytochromes has revealed a number of closely related iso-enzymes with overlapping 

substrate specificities, which show marked species differences, and inducible expression with different iso-

forms induced by different categories of agents. Inducing agents are routinely used in mutagenicity assays 

to enhance the potential of the metabolism of test agents and to increase the P450 concentration within the 

liver. The most commonly used inducing agent was a mixture of Polychlorinated biphenyls (PCBs, 

Arochlor 1254). However, there has been considerable effort to f ind more environmentally friendly 

alternative to PCB's. The most successful has been a combination o f 6-naphthoflavone and 5-methyl 

cholanthrene, which have been shown to induce a similar range of cytochromes at equivalent concentrations. 

The use of metabolic activation is essential in bacterial tests to simulate the exposure o f test compounds to 

mammalian metabolism, it is also required in most established mammalian cell lines. Most cell lines 

routinely used in mutagenicity assays ( CHO, V79 etc) have been shown to have litt le intrinsic P450 

metabolic capacity (Hsie et al. 1981). Freshly isolated human lymphocytes do have some inherent P450 

activity but are usually incubated with an S9 preparation. 

Despite the benefits of S9 ftactions, there has been much criticism of the relevance of rodent liver 

preparations, particulariy because of the imbalance of activating and deactivating.metaboUc pathways._The 
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result o f this imbalance is to enhance the production of potentially mutagenic metabolites. In an attempt to 

overcome these drawbacks, several authors have used metabolically competent cells. Freshly isolated 

hepatocytes, or metabolically active, feeder cells that are co-cultured with the cells have been used for 

detecting mutagenic events. More recently techniques have been applied to clone P450 genes and maintain 

their expression in rodent cell lines (Doehmer et al. 1988, Crespi et al. I 99 I ) . 

Probably, the most significant development in metabolic activation has been the use of the transgenic rodent 

assay, which combines both in vivo tissue specific metabolism, with the ease of detecting and scoring 

mutations of /"// vitro tests. The major drawback of this a.ssay is the cost. It is likely that the use of rat 

liver S9 fraction, wi l l continue to be the most cost effective i f less than adequate solution for use as a 

metabolic activation .sy.stem. 

1.11. Review of (he literature on the mutaj^enic and he;tlth effects of diesel emissions. 

The report by Huisingh et nl. in 1978 is generally regarded as the first to record the mutagenic potential of 

diesel engine emissions (Lewtas 1986), although diesel emissions had been shown to contain potentially 

mutagenic compounds ie. polycyclic aromatic hydrocarbons (PAHs) as early as I950's (Kotin et al. 1955 

cited by lARC 1989). Husingh's et al. discovery in 1978 resulted in a massive research effort particulariy 

in the U.S. to develop techniques for identifying and quantifying potential mutagens in all aspects of diesel 

emi.ssions. Despite the apparently large volume of literature published on the mutagenic effects o f diesel 

emissions, there is surprisingly little concerned with the effects of whole emissions samples in mammalian 

short-term assays either cytogenetic or mutagenic. Most of the work has been performed using the Ames 

Salmonella fyphinmrium assays, and most of this using individual component compounds identified in diesel 

emissions. 

The available literature concerning the genotoxicology of whole diesel emissions can be divided into several 

categories; (0 The mutagenic potential o f whole diesel exhaust emission samples in a variety of short term 

bioassays; (/7) the influence of operational and other factors on the composition and subsequent mutagenicity 

of diesel emi.ssions; ( i i i ) the isolation and identification of individual chemical groups in diesel emissions. 
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and testinij of Ihese tor mutaijenic potential; (iv) the effects of lon^j term exposure to diesel emission, usually 

by inhalation studied in nits, and (v) epidemiological studies of potential risk groups o f the population ie; 

garage workers, truck drivers etc. 

The first of these categories, is the main concern of this work and so wi l l be dealt with in more detail than 

the others. Both the I ARC (1989) and Grasso et al. (1988) have published extensive reviews of the available 

literature for all categories described above, these wi l l be briefly reviewed including the addition of recent 

information. 

1.11.1 Genotoxicity of diesel emissions in shorl-tenn cytnj^enetic assays. 

Although Husingh (1978) reported mutagenic potential in bacterial assays, when diesel emissions were tested 

in mammalian CHO cells for toxicity the samples were described as "non-toxic", and on the basis of this 

result, no apparent further investigation using mammalian cells was performed. This may be the reason 

there is so littledata for the mutagenic affects of diesel emission in mammalian cells. In 1982 Lewtas cited 

data for the mutagenic effects of diesel emissions in number of short-term bioassays. These included in vitro 

mammalian cytogenetic assays for both Sister chromatid exchanges (SCE) and chromosome aberration assays 

in both Chinese hamster ovary Cells (CHO), and phytohaemagglutinin (PHA) stimulated human 

lymphocytes. Samples tested were collected using a standard dilution tunnel, f rom four engines from 

different manufacturers. Results from SCE and CHO aberration studies were presented as the gradients of 

the dose response curves obtained. Result from SCE assays showed increases with three o f the four samples 

without metabolic activation, whereas with the presence of MA the previously inactive sample caused an 

increase, and one active sample showed no significant effect. Similar results were obtained in chromosome 

aberration assays in cultured CHO cells exposed to one sample only for six hours and then harvested at 12, 

15 and 21 hours without MA. Dose related increa.ses in numbers of aberrations were observed at all three 

harvesting times. A sample obtained from an Oldsmobile engine, when tested in human lymphocytes at 

concentrations of O.I to 100 ;ig/ml, caused chromatid and chromosome breaks. Chromosome exchanges 

were observed at concentrations of 5/ig/ml, although chromosome gaps were only observed at concentrations 

of IOO;tg/ml. In the presence of MA there was no significant increase in the numbers of aberrant cells. 
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although an increiise in some speciHc chromosome aberration types was observed. 

Morimoto (1986) presented data from SCE tests using PHA stimulated lymphocytes and hypersensitive 

cultured human lymphoblastoid lines including those from patients with Blooms syndrome and Xeroderma 

pigmentosum. Two emission .samples wertt tested described as, "a Light Duty (LD) and Heavy Duly (HD)" 

from an unspecified source. Both normal lymphocytes and cultured lymphoblastoid cells showed dose 

related increases in the numbers of SCE's per cell. Significant increases were observed at concentrations 

of greater than 30/xg/ml with lymphocytes, and at greater than 50^g/ml with lymphoblastoid lines. Both 

assays were performed without the presence of a metabolic activation system, l / i vivo SCE assays were 

also performed, using rats exposed to concentrations of up to 4mg/kg bodyweight day for up to 30 months. 

Results of this study showed no significant increase in numbers of SCE's after 30 months. From these result 

Morimoto concluded that although significant increa.ses could be obtained from as variety of in vitro lest 

systems in vivo studies produced only negative results. 

In 1987 Shore et al. presented a thorough review o f mutagenicity testing on diesel emissions, including 

details of engine types used, dilution techniques and chemical analysis. Samples were collected from four 

engines iwo of which were diesel operated using both U.S. and European test cycles. Samples collected 

were tested in several short term mutagenicity tests including, the Ames salmonella assay, and chromosome 

aberration assays in rat RL4 cells, which were chosen due to their metabolic capability. Results of testing 

with a light duty diesel engine .sample, caused significant increases in the percentage of cells with aberrations 

at concentrations as low as 25 ;*g/ml. A reduction in the mitotic rates was also observed at this 

concentration. Results from exposure to two other diesel engine samples showed similar trends although 

the cytotoxicity varied from as little as 100 ;ig/ml to 200 /xg/ml. From that work, it was suggested that 

preliminary cytotoxicity assays, tended to underestimate the toxic effects of the emission samples (Shore et 

al 1987). 

1.11.2. Mutagenicity of whole diesel emission extracts in other short-term mutaj;;enicity assays. 

As stated, the majority of data for mutagenic effects o f diesel engine emission is.derived from short-term 
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point mutation assays such as, the Ames salmonella assays, although there are increasing numbers of reports 

using mammalian point mutation assays ie; Thymidine kinase and HGPRT assays. The following section 

lists some of the results obtained to date using these assays. 

Whole diesel extracts have been reported to be mutagenic in TA98 (Rappaport et al. 1980), TA98 and 

TAIOO (Wei et al. 1980). Particulates extracted wi th several organic and physiological solvents have been 

showntohavemutagenicactivity in strains TA98 and T A 100 (Siak era/. 1981). Clark A/.(1981, 1982a, 

1982b and 1983) reviewed the effects of car type, temperature and test cycle on the mutagenicity of diesel 

emission samples tested in both TA98 and TAlOO strains. Claxton 1983 presented a review o f the diesel 

emission mutagenicity data of that time and concluded with several observations. These included, the 

predominant use of the Ames test as the mutagenicity test used, and the almost exclusive use o f Salmonella 

strains TA98 and TAIOO. This latter feature of the literature was presumably due to the small sample masses 

available for testing. In 1982 the first influential symposium on the toxicological properties of diesel 

emission was held (Lewtas 1982). Here, most of the papers were concerned with risk assessment and the 

results of preliminary inhalation experiments. Lewlas (1982) presented a summary of the effects of diesel 

emissions in several short-term bioassays, including the Ames salmonella assay, the E.coli mutagenesis 

assay, the mammalian cell mutation assay, and DNA damage repair assays in both yeast and mammalian 

cells. These tests were performed using samples generated from several diesel and gasoline engines, with 

samples collected using standard dilution tunnel technology. Bacterial mutagenesis assays gave positive 

results for each sample tested, with a reduction o f the mutagenic effects of samples when tested in the 

presence of a metabolic action system. Results f rom mammalian mutagenesis assays were similar in that, 

almost al l , o f the samples tested produced mutagenic responses in almost all the tests. In DNA damage tests 

three emission samples were found to induce positive dose responses when tested for mitotic recombination 

events in yeasts, although, it had been shown that PAH such as ben2o(a)pyrene (BaP) do not induce 

recombination events (Mitchell et al 1980, cited by Lewtas 1982). None o f the samples tested, appeared 

to induce DNA strand breaks in Syrian hamster cells, as demonstrated by alkaline sucrose sedimentation 

(Casto ei al. 1978 cited by Lewtas 1982). However, this technique was considered by Casto to be the least 

sensitive indicator of DNA damage. 
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Rannug (1983) presented results of tests in which bacterial strains TA98 and TAIOO were treated with 

emission samples collected using a U.S. federal test cycle. Samples were collected f rom a dilution system, 

with three engine types including, light duty diesel, gasoline, and engines modified to run on liquid 

petroleum gas and methanol. Al l three engine types gave positive results with either one, or both of the 

strains used, and Rannug cla.ssified the mutagenic potential into three groups based on the number of 

revertants per litre (revs/1) of exhaust. The highest reversion rate was observed wi th the diesel fuelled 

engines, giving between 50-250 revs/I, gasoline engines produced between 10-50 revs/I and LPG/methanol 

engines less than 10 revs/1. In contrast the same engines tested using the European test cycle produced 

consistently less revs/1 although the relative order of the engine types remained unchanged. TTie mutagenic 

potential o f the emissions was also increased when the engines were operated from a cold start. 

The majority of the work on vehicle emission after 1983 was concerned primarily wi th fractionation and 

identification of mutagenic components of the emissions. In 1986 there was a second major symposium on 

the mutagenic effects of vehicle emissions. This reflected the move towards fractionation and identification 

o f mutagenic compounds and developments in the techniques for their isolation. 

In 1986 several authors presented results of both in vitro short-term bioassays and in vivo studies. Morimoto 

el al. showed that the mutagenicity of diesel samples in the Ames test could be enhanced by differing 

methods of inducing the metabolic activating system. S9 induced by PCB (ie Arochlor 1254) administration, 

induced the highe.st responses, with both light duty and heavy duty samples. Mamnialian gene mutation 

assays were also conducted using azoguanine and ouabain resistance as markers. These gene mutation 

assays gave similar results to those cytogenetic assays (described previously) where mutagenic effects were 

observed at sample concentrations in excess of 50 /xg/ml. Morimoto also noted the differing effects of 

engine types used for sample collection. Other short-term tests performed included, the micronucleus test 

u.sing ICR mice. These were exposed to particulate laden air at concentrations of 400^g/nnl from four 

weeks to 18 months. Results of ihisassiiy showed no significant increase in numbers of micronucleated cells 

at any test dose. 
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Matsushita 1986 presented data from direct exposure methods suggesting the presence o f highly mutagenic 

components in the giis phase of diesel exhaust emissions. Although these groups o f mutagens were not 

identified at the time, tentative characterisation showed the presence of nitrated derivatives of benzene and 

naphthalene. 

In 1987 Shore et al. compared the mutagenicity of gasoline and diesel engines, in bacterial strains TA98, 

TAIOO and a nitroreductase deficient strain and expressed the numbers of revertants cells as numbers per 

mile of engine travel (revs/mile). Dilution tunnel samples from each engine type produced numbers of 

revs/mile that were similar. The mutagenic effects were again reduced in the presence of metabolic 

activation, which Shore described as indicative of "the inactivation of direct acting mutagens", although he 

did not rule out the possibility of mutagen/protein binding. 

In 1992 the International Program on Chemical safety (IPCS) (Claxton et al 1992) published results of a 

collaborative .study on complex mixtures. One of the mixtures was the US National Institute of Science and 

Technology (NIST) standard reference material for diesel particulate matter (designated SRM 1650). This 

sample was collected from the inside of a dilution tunnel apparatus after a series of sequential engine test 

cycle runs. It was intended to contain representative compounds found in diesel exhaust emissions, rather 

than to be a defmitive emission sample. Results of this study using identical samples distributed to twenty 

laboratories throughout the world, showed that the diesel reference material caused increases in the number 

of revertants in both TA 98 and TA 100 with and without metabolic activation, with TAIOO generally being 

the more sensitive slniin (as Judged by gradients of dose responses). Reproducibility of results between 

laboratories varied from 33% to 152% depending on the method of sample extraction (/>; sonication or 

soxhlet extraction) and depending on bacterial strain used (TA 98 or TAIOO). 

1J1.3. Fiictors innuencin;* the cheinicul composition and muta;>enicity of diesel exhaust onissions. 

Several factors have been recognised which can directly affect the composition of engine emissions and 

consequently the mutagenicity of such emissions. These include, obvious differences between engine and 

vehicle types, fiieis used, and more subtle differences such as engine timing and operating temperature.-A 
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common difficulty encountered when attempting to compare data from different sources, is the use of 

different engine test cycles, in different laboratories. As a result, several studies have been conducted to 

determine, the extent of variation between different driving cycles. One drawback of the data cited in the 

following studies, is that the majority was produced in the early 1980's. Since this time legislative and 

engineering advances have produced more modem engines, whose emissions may not be characteristic of 

these earlier samples. One indication of the types of changes that have occurred is illustrated in the work 

o f Seizenger et al. (1982), who presented emission data from a number of vehicles from 1979, 1980, and 

1981 model years. One noticeable feature of the data is the reduction in particulate emissions collected, 

the mean masses collected dropped from 0.68 grammes per mile (g/mile) for 1979 model year vehicles to 

0.27 g/mile for 1981 model year vehicles. Although this illustriilion is not intended to suggest that this 

early data should be disregarded, it could be argued, that development in diesel engine design also requires 

new evaluation of the nature of the emissions now produced. 

Clark et al. (1981) were some the first investigators to examine the exhaust emissions from different diesel 

vehicle types. They tested six vehicles from both European and US manufacturers representative of the 

technology of the early I980's. A l l vehicles were tested using the same driving cycle, and dilution tunnel 

for sample collection, with one tiiel stock. The samples collected were then compared regarding their 

mutagenicity in Salmonella typhiwurium strains TA98. Replicate samples collected on different days from 

each vehicle .showed good reproducibility for emissions when expressed as g/mile and as numbers of 

revertants per ^i-g of sample (revs/^xg) collected. A comparison o f the six vehicle types in four bacterial 

strains, showed a much greater variation between emission samples, e.g. the mutagenicity observed in strain 

TA98 varied from 4 to 12 revs/;ig extract. As expected, there was cleariy a difference between the 

mutagenicity of emissions from different vehicle types. 

Although there have been some attempts to standardise the method for the collection o f engine emissions 

in both the U.S. and Europe {Je. use of the dilution limnel method), the actual operating conditions o f the 

engine during this sampling are very different. In the US, the standard procedure is that of transient engine 

testing, under which the test engine is taken through a cycle of-different.engine loads and speeds,.in.an 
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attempt to replicale on road conditions. Several of these test cycles have been developed to represent 

different modes of driving, commonly cited examples include the Federal Test Procedure (FTP) and 

Highway Fuel Economy Test (HFET), testing cycles. In these tests, emissions are collected continuously 

throughout the duration of the test, and are controlled on chassis dynamometers 

In contrast to the U.S. transient testing, the favoured test cycle in Europe is the steady state test cycle. Here 

the engine is operated at thirteen different modes of load and speed each derived from a U.S. test cycle. The 

engine is conditioned at each mode for a maximum of six minutes with emissions collected during the fmal 

three minutes. This method of testing, does not allow for periods of engine acceleration and deceleration, 

as are found in transient tests. At these conditions the emissions from engines are at their most 

uncontrollahle due to effects of overfuelling, which is enhanced in turbocharged vehicles by a lag period 

between fiiel injeclion and incre;ise in turbo-speed during rapid acceleration. There is also an argument 

against the use of sleiidy state testing, because of the possibility of engine manufacturers attempting to beat 

emission legislation. This am he achieved hy employing electronic devices to limit engine emissions at 

conditions of the test cycle, and to exceed emission limits at untested engine conditions. The inclusion of 

periods of acceleration and deceleration in tninsient tests would make it more dif f icult to control emissions 

using electronic controls.. 

The major deficiency of the .steady state test is the lack of cold starting conditions that are the largest source 

of .smoke emission of diesel engines. To investigate the effects of driving cycle on the emission from engines 

Clark er al. (1982a) tested three engines from the 1980-81 model years. Two o f these engines were 

operated on three different test cycles, the US Highway fuel economy test (HFET), the US EPA Federal 

test procedure (FTP), and the New York city cycle (NYCC). These tests represent several different driving 

states, including, steady state driving averaging 50 mph (HFET), slower urban travelling at an average of 

20 mph, with several periods of acceleration and deceleration (FTP), and congested urban travelling, at an 

average of 7 mph (NYCC). Gaseous exhaust emissions were significantly affected by the different driving 

cycles, with the NYCC producing the highest concentrations of CO, HC, and NO. emissions. The fuel 

economy of the NYCC cycle was.reduced to that observed in the HFET, _ however, in, mutagenicity^tests 
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the numbers of revs//xg of exhaust sjimple extract were almost identical for each cycle, with both strains 

TA98 and TAIOO. Al.so apparent from this study, was the decrease in the percentage mass o f extractable 

organic material from the total exhau.st sample, as the total mass of the sample increased, the total 

extractable organic mass decreii.sed. 

To investigate the effects of acceleration and deceleration compared to constant speed, on the mutagenicity 

o f emissions Bechlold ei al. (1984), collected samples from individual sections of the FTP cycle. The 

mutagenicity of the samples obtained was compared to that of samples collected following the whole cycle. 

Initial results showed that, samples collected during a period of initial acceleration from standing to 50 mph, 

and at the subsetjuent cniise at 50 mph, both produced higher numbers of revertants than were obtained from 

running the whole cycle. Although they could not explain this occurrence directly, Bechtold ef al. showed 

that the levels of mutagenicity were highest when the maximum emission of NOx was observed. 

The effects of engine timing on the extent and mutagenicity of diesel emissions, appear to vary between 

engines and vehicle types. Zweidinger (1982) has shown that poor fuel injection timing may lead to an 

increase in the mutagenicity of the emissions. Du et al. (1986) has shown that advanced timing in an ID l 

engine resulted in the increased formation of particulate emissions. In contrast Scheutxle and Frazier (1986) 

stated that the changes in fuel injection timing had no significant effect on mutagenicity. 

1.11.4. Mutagenicity of some chemical components identif ied wi th in diesel emissions. 

Although parent PAH have been identified, they are only mutagenic in assays in which a metabolic activation 

system is present. Some mutagens have also been identified that are "direct acting". In that, they do not 

require the presence of metabolic activation for activity. 

Schuetzleef al. (1980) presented a comprehensive analysis of the various PAH derivative groups identified 

in diesel extracts. The presence of direct acting mutagens in several subfractions of diesel exhaust samples 

led Rappaport et al. (1980) to conclude that the direct acting mutagenicity was probably the result o f several 

different chemical groups of mutagens. They also identified one o f these chemical groups,as. those of 
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dicarboxylic acid anhydride derivatives of PAH. The subsequent testing of pyrene dicarboxylic acid 

anhydride in bacterial assays showed that this derivative was a relatively weak mutagen causing only 220 

revs/mile. 

Isolation and identification of nitrated derivatives of PAH was reported by several authors in the early 

I980's. These included Pederson 1981, Salmeen ei al 1982. Salmeen et al 1983, Tokiwa et al 1983, 

Nakagawa et al 1983. This group o f PAH derivatives was found to contain several potent direct acting 

mutagens, including 1-nitropyrene, 1,6 di-nitropyrene, and 9-nitro-anihracene, which caused increased 

numbers of revertants at concentrations of 0.4;ig/ml (Salmeen et al 1984). The presence of six of these 

nitrated PAH was estimated to account for between 30-40% of the totaJ mutagenic activity of a diesel 

sample (Salmeen e/ al 1983) and the presence o f 1 -nitropyrene alone 9-24% (Salmeen 1982). Based on the 

evidence Nakagawa et al (1983) concluded that nitrated PAH "must be the major mutagens" in diesel 

exhaust samples. 

Other nitrated groups were identified by Manabe et al (1985) including nitrobydroxypyrenes and 

nitroacetoxypyrenes, which accoimted for nine and 12% of the mutagenicity of a crude diesel extract in 

TA98 respectively. Bechtold 1986 identified 2-nitro-9-fluorenone which was foimd to be between five 

and 10 times less mutagenic than I-nitropyrene. One parent PAH, fluoranthrene although mutagenic was 

also found by Bos et al (1988) to be volatile at 37°C in a taped plate assay. This fmding has important 

consequences regarding the loss of this mutagen from samples during extraction and subsequent work-up 

procedures. The mutagenic activities of methyl derivatives of PAH, including 1,4-, 1,3-, 2,4-, and 3,4-

dimethyl phenanthrenes (DMP) were investigated by Sinsheimer et <i/.(1991). A l l gave positive responses 

in both TA98 and TAIOO and in in vivo SCE assays in mice. Of the four tested 1.4-DMP was the most 

potent. 

1.12. A i m o f this Investigation. 

The aim of this study was to test engine emission samples collected using the TESSA, by in vitro 

cytogenetic.assays. Using samples collected at yarioijs engine speeds and loads a "mutagenicity map" of the 
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engine was to be constructed, to determine under what conditions potentially mutagenic emission are 

produced. Finally the most claslogenic samples were to be fractionated into aliphatic, aromatic and polar 

subfiactions to determiDe which groups of compounds were responsible for the clastogenic activity observed. 
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2.0 Methods. 
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2.1. Diesel emission sample collection. 

2.1.1. Diesel engine and test equipment. 

Exhaust emissions were produced from a Perkins 'Prima 65', 2 litre (1993 ml), four cylinder direct 

injection, naturally aspirated engine. This engine type was used in commercial light duly Austin Maestro 

diesel vans. The engine was mounted on a test bed, and connected by a short drive shaft to an FA 1000 Eddy 

current dynamometer. This was in turn controlled by a 2000 CE compact controller, both by Test 

Automation LTD. The dynamometer controller was used to control the load applied to the engine (Torque 

Nm) and also displayed the engine speed (rpm). The engine throttle was controlled manually by a threaded 

control rod with adjusting screw. 

2.1.2. Fuel and Oi l . 

During this investigation the fuel stock was changed after collection of the first four samples (ES1-ES4). 

Both fuel stocks were analysed by Perkins Technology Limited (results shown below table 7) the second fuel 

stock was a standard No 2 Derv fiiel (British Petroleum). Engine oi l used throughout this investigation was 

Shell advanced Rimula X heavy duty lubricating oil (15W/40). 

2.1.3. Emission sampling system. 

Details of the Total Exhaust Solvent Scrubbing Apparatus (TESSA) sampling system are described elsewhere 

(Petch et al. 1987, Trier 1988). Before sampling, the engine was conditioned from starting, by running at 

a high load and speed (approximately 4000 rpm at 80 Nm) for one hour. When engine conditioning was 

completed, emission samples were collected by sequential runs of TESSA, allowing fifteen minutes for 

equilibration at the new load/speed conditions before collection o f each sample. 

Sampling of exhaust emissions consisted of three stages. First, just before redirecting the exhaust f low to 

the TESSA, 500 ml of sample solvent (methanol: dichloromelhane, 1:1) was used to wet the internal TESSA 

packing. Second, both the exhaust flow, and the solvent reservoir were opened into the TESSA 

simultaneously for two minutes, the solvent flow rate was estimated to be approximately I litre/min during 

sampling. Finally, when sampling was completed, the exhaust flow to TESSA was stopped, and the inside 
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of the tower rinsed with a further 500ml o f solvent. This was introduced into the tower at the exhaust gas 

outlet assuring the whole intemal surface o f the TESSA was rinsed. 

The sample/solvent and tower washings (approximately 3.01) were collected into a 51 conical flasks 

containing 11 of distilled water. Flasks' were protected from light, and stored al 4°C unti l ready for sample 

work-up. A l l solvents used during sample collection and subsequent work-up procedures were of glass 

distilled HPLC gritde (Rathhums). A l l disposables used ie. filters, disposable tips, anti-bumping granules, 

sodium sulphate etc., were soxhlet extracted overnight in HPLC grade dichloromethane (DCM), before use. 

Samples were collected over a variety of .speeds and loads as shown below (figure 10). 

Table 7: Comparison of hoilin;* points and specific {gravities of test fuels used. 

Property Fuel I (5/3/91) Fuel 2 (14/1/93) 

Specific gravity 0.849 0.863 

Viscosity 3.36 cS 3.58cS 

Distillation 

Initial boiling point 185''C 

5% 21 r c 2I7*'C 

10% 226"C 23 PC 

20% 245''C 250''C 

30% 260''C 264*'C 

40% 270«C IIS^C 

50% 28 r C 286"C 

60% 293''C 298^C 

70% 304*'C 3I0°C 

80% 3I8*'C 323''C 

90% 336''C 343°C 

Final boiling point 359"C 364''C 

Recovery 99% 99% 

Cetane index 53 49 

AroiTUitic content Not recorded 29% 
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Figure 10: Load und .speed conditioas of the Prima diesel engine, at which samples were collected for 
testing in mutagenicity ass:iys. 
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Legend: 

Dashed lines represent the limits of the operating parameters of the engine. A l l points represent 
conditions at which samples were collected. Squares represents samples collected using original fuel 
stocks. Triangles represent samples collected with new ftiel stock. Filled symbols represent samples 
tested for mutagenicity in one or more assays. 
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2.1.4. Sample work-up and storage. 

Following collection, samples were protected from light and stored at 4°C until the work-up procedure was 

performed. The total sample was allowed to separate into two phases in a 5 I separating funnel. The lower 

DCM pha.se was collected into an 2 I conical flask, and the remaining aqueous phase was reextracted a 

further three times with 50ml aliquotsof DCM. The collected DCM phases were then combined and filtered 

through glass micro-fibre filters (Whatman GF/F), under vacuum, to remove carbon particulate matter. 

Samples were transferred to I litre round bottomed flasks and rotary evaporated down to a volume of 

approximately 100 ml. Sample solutions were allowed to dry overnight by the addition o f approximately 5g 

o f DCM extracted anhydrous sodium sulphate (BDH). 

After drying, the sodium sulphate was removed by fdiering the sample through D C M prewelted discs 

(Whatman) into iOOmI flasks. Filters were then washed with a further 10 to 15ml o f DCM to ensure 

maximum recovery of sample. Samples were then further concentrated by rotary evaporation to a volume 

of approximately 2ml. The concentrate, and subsequent I ml washings of the flask were then transferred 

in small volumes, to a pre-weighed sample vial (approximate volume 5 ml). Residual DCM was removed 

by placing the vial into a 40''C waterbath under a gentle stream of GC grade Nitrogen. Vials were reweighed 

at intervals, and blowdown stopped when a constant mass was achieved (over an interval of f ive minutes). 

Samples were then capped under nitrogen and stored at -70°c until required. 

Initial samples (ESI-ES2) were di.ssolved in Analar DMSO to a concentration o f lOmg/ml, subsequently 

samples of masses less than 60 ing were prepared in DMSO to give a solution of 100 mg/ml. Samples with 

masses of greater than 60 mg were redissolved in DCM to a final concentration o f 100 mg/ml. 

2.1.5. Sample fractionation. 

Several emission samples were fractionated by column chromatography into three sub-fractions, these were 

known as aliphatic, aromatic, and polar fractions. Fractionation was undertaken for two reasons; First 

several reports have shown that most of the mutagenicity of emission samples resides in particular fractions 

namely the aromatic.and polar.fractions. Due loathe large sample masses available it was thoughtjhat bio-
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assay directed fractionation could be performed with some of the emission samples. The second reason for 

fractionation of samples was an attempt to identify which sub-fractions were responsible for the cellular 

toxicity observed in all samples. 

Most of the emission samples collected were fractionated into the three subfractions, using open column 

elution chromatography, to enable the composition of the samples to be characterised by gas chromatography 

and in bioassays. Samples collected with masses greater than 100 mg, were fractionated twice in aliquots 

of 30 mg for analysis by both gas chromatography (GC) and mutagenicity testing. A l l other samples were 

fractionated only once with an initial mass of 10 mg for GC analysis only. 

Stock solutions of whole emi.ssion samples were prepared in DCM to concentrations of 100 mg/ml. 

Approximately 30 mg aliquols (300/xI) were placed into preweighed vials and placed under nitrogen until 

free from DCM. The mass of the sample for fractionation was then recorded to within 0.1 mg. Fractionation 

was performed using 30cm x Icm diameter (approx.) glass columns fitted with glass fr i ts and teflon Ups. 

The columns had a volume of approximately 25-30 ml with a dead volume of approximately Im l . Columns 

were slurry packed with 3g of 5% deactivated silica (60-120 mesh, BDH) in 20 ml of hexane. and covered 

with approximately 0.5g of fine DCM extracted sand (20-60 mesh). Columns were then conditioned by 

running through approximately 25ml of hexane. 

Prior to each fractionation, vials to be used for GC analysis were spiked with 100 ^1 of the deuterated 

intemal standards (DIO phenanthrene and D8 naphthalene, 2 mg/ml in hexane), which were added to assess 

sample losses during fractionation. The fractionation procedure was as follows, samples were resuspended 

in a small volume (200 ^1) of hexane, and were then loaded onto the column using a glass long tip Pasteur 

pipette. The sample vial was rinsed three times more with hexane, each rinse being added to the column. 

Finally the sample was drawn into the column and eluted with lOml of hexane. Fractions were collected into 

100 ml round bottomed flasks. Aromatic and polar fractions were obtained similarly after first rinsing the 

sample vial with DCM and methanol respectively. The aromatic fraction was eluted with 15ml o f DCM and 

the polar fraction eluted with 25ml of methanol. _ 
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A l l fractions were rotary evaporated to a vo lume o f approximately 2ml and then transferred to pre-weighed 

vials (approximate volume 1.75ml) for nitrogen b low-down. Fractions that were not rotary evaporated on 

the same day as col lection were stored at 4*'C, whereas samples undergoing nitrogen b low-down were stored 

temporari ly at -20"C. 

The polar methanol fractions were found to contain suspended fine si l ica particulates, and an attempt to 

remove these was made by f i l t ra t ion o f the fract ion through a 0 .2^m (pore size) cel lulose acetate disposable 

filters. Filters were connected to lOmI glass Luer locked syringes and condit ioned by filtering 2ml o f 

methanol. The sample was then added to the syringe barrel and al lowed to dra in, under pressure f r o m the 

plunger, into round bottomed flasks. The syringe and filter were then rinsed w i t h a fur ther 20ml o f 

methanol, and the particle free filtrate rotary evaporated down to a volume o f 2 m l . the fractions were then 

transferred to vials fo r b low-down. 

Fo l lowing the fai lure o f the filtration procedure to remove a l l the suspended si l ica, s i l ica was prepared by 

soxhlet extraction overnight in methanol, in an attempt to remove fine particulates before deactivation. 

2 . 2 . C e l l .stocks a n d m a i n t e n u n c e . 

2.2.1 Sources o f cell lines used. 

Dur ing this investigation three di f ferent Chinese hamster ovary ( C H O ) cell lines were used. A l l lines 

originated f r o m a C H O - K l cell l ine f r o m the European Col lect ion o f An ima l Cel l Cultures (ECACC) 

(culture number 85051005). Ini t ia l work was performed using a C H O - K l cel l l i ne maintained at the 

Universi ty. In the first detailed experiments, this l ine was found to be unstable, w i t h approximately 40% 

o f cells examined in untreated cultures showing chromosome aberrations. Th is was or ig ina l l y thought to be 

a result o f overextended passage o f the l ine, as cells had then been subcultured approximately twenty times 

after resu.scitation f r o m frozen stocks. Fresh cultures were resuscitated, and assessed fo r spontaneous 

occurrences o f aberrations. Again, spontaneous damage was observed in approximately 40% o f cells. From 

this it was believed that these cultures were possibly contaminated w i t h a mycoplasmal in fect ion, which 

would explain the high incidence o f damage. The or ig inal stocks were discarded and a new C H O - K l l ine 

purchased f r o m the E C A C C . This line was found to be no better and a second replacement was obtained. 
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This second l ine designated C H 0 - K I - P D 2 was found to have a reduced level o f spontaneous damage o f 

approximately 20%. 

Using the PD2 stock, an investigation o f the tissue culture media and other materials was init iated to 

determine i f this was the source o f the increase in spontaneous chromosome damage. Several batches o f 

sera, media, culture flasks, and new storage glassware were obtained. Cells were cul tured for two passages 

in various combinations o f media etc.. and then examined for occurrence o f chromosome aberrations. The 

best combination o f materials, d id not signi f icant ly reduce levels o f damage al though the frequency o f 

spontaneous aberrations was reduced to approximately 12 to 15%. This l ine was used f o r in i t ia l testing w i th 

both stock mutagens and two emission samples. D i lu t ion c loning experiments (2 .2 .1 . ) , were also established 

in an attempt to reduce the spontaneous level o f damage to more acceptable levels (ca. 5 % ) . Subsequently 

a stable cell clone was isolated w i th a spontaneous damage rate o f 0 to 4 % . A l l fur ther w o r k was conducted 

using this clonal l ine, wh ich was designated C H O - K I - G 6 . 

The CHO-K1-G6 l ine was characterised wi th respect to chromosome stabi l i ty and number by scoring 

metaphase cells. T l i i s lines was then expanded, and slock vials stored at -80°C (2 .2 .4 . ) at the s ixth passage 

after c loning. Work i ng cell lines were subcultured for several weeks up to the f i f teenth passage, and then 

discarded in an attempt to maintain karyolypic stabi l i ty. Fresh cultures were then resuscitated f r o m frozen 

stocks. 

2.2.2. Rout ine i i i ; i in ten; ince o f cell cul tures. 

A l l manipulations o f cells f o r regular subculturing and fo r in i t ia t ing cultures fo r genoloxic i ty assays were 

performed in a horizontal laminar f l o w hood. A l l C H O cells were maintained in Ham's F I 2 media supplied 

without L-glutamine and w i t h bicarbonate buf fer (F low Laboratories). Th is was supplemented w i t h 10% 

foetal bovine serum (FBS), and 1 % o f a 200mM solution o f L-glutamine. Cells were cultured in 25 cm^ 

tissue culture tlasks (Falcon), at "iTC in a 5% CO2 atmosphere. Gassing o f cel ls was achieved by adding 

3ml o f CO, direct ly to culture llasks through a sterile plugged Pasteur pipette connected to a gas cyl inder. 

Volumes were.measured in a 20ml syringe. _ _ _ _ _ 
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2.2.3. Rout ine subcul ture o f cells. 

Cells were suhcultured approximately twice weekly, by harvesting using t rypsin to detach the cells f r o m 

flasks. The culture media was removed f r o m culture flasks, and the cel l monolayers were washed w i t h 5mJ 

o f pre-warmed phosphate buffered saline (PBS) (Oxo id ) . This was subsequently poured o f f . and 1ml o f cold 

trypsin (2 .5%) in Hanks balanced salt solut ion (Sigma) was added, and washed over the cells. Excess trypsin 

was poured o f f , and the flasks incubated at 3TC for 2-5 minutes to a l l ow cel l rounding and detachment. 

When al l the cells were detached f r o m the flask, 5ml o f pre-wanned Ham's F12 media was added to 

"neutralise" the action o f the trypsin. New tlasks were seeded w i t h 0 .5ml o f the cell suspension (containing 

approximately 1-2x10^ cells) in 8ml o f F I 2 . These were then gassed and incubated fo r a maximum o f four 

days. 

2.2.4. Storage o f cell l ines. 

Cell Slocks were stored frozen at -80°C. For freezing, cells were expanded by subcul tur ing into flasks, and 

grown to late log phase (3-4 days). Cells were washed w i t h prewarmed PBS, detached f r o m flasks by 

t rypsin, and washed again by resuspending in 5ml o f prewarmed PBS. Cells were then transferred to sterile 

centr i fuge tubes, and pelleted by centr i fugat ion fo r ten minutes at 1000 rpm. The PBS was then aseptically 

removed and the cell pellet resuspended in 2ml o f pre-warmed F12 media containing 10% sterile glycerol 

(Sigma). The resulting cell suspension (approximately 1-2x10*' ce l ls /ml) was then transferred to sterile 

cryovials (Nunc) , and placed into a cool ing box in an -SO^C freezer. Th is served to reduce the cell 

temperature by approximately \°C per minute. Cells were resuscitated f r o m frozen stocks by rapidly 

defrost ing in a waierbath at 3TC, and then transferring to flasks contain ing 8ml o f pre-warmed and pre-

gassed F12 media. Cultures were incubated for 48 hours, before subcul tur ing in to fresh flasks. 

2.3. S u p p l e m e n t u r y methods used in cell culture. 

2.3.1. D i l u t i o n c lon ing . 

For d i lu t ion c loning, cells were sii-spended i n F I 2 media supplemented w i t h FBS, glutamine, and antibiot ics, 

and j i i l u t ed to a concentration o f 10 cel ls /ml . 100^1 aliquots o f the suspension were placed into each.well 
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o f a 96-wel l microt i t re plale (L inb ro ) . Plales were incubated overnight at 3TC in a 15% C O , atmosphere 

in airt ight containers. Plates were examined, and wel ls containing single colonies o f one lo two cells, 

(a l lowing for overnight d iv is ion) , were marked, and a further iOO^I o f media added. Cel ls were incubated 

unt i l confluent over the base o f the we l l (1-2 weeks) w i t h a change o f media every f o u r days. Cel l clones 

were then selected according to their appearance, ie. epithelial morphology, w i t h few o r no giant cells. The 

cells were detached f r o m the wel ls w i t h t rypsin ( lOO^I ) , and seeded into 25cm^ area f lasks. Clonal cells were 

incubated for approximately 7-10 days un t i l conf luent , and then subcultured into three f lasks. One flask was 

used to determine the chromosome complement and spontaneous aberration frequency. The remaining flasks 

o f the selected clone were expanded and f rozen as described previously (2 .1 .3) . 

2.3.2. G r o w t h iiss:iys o f C H O - K l cells. 

The cell doubl ing t ime o f the C H O cells was determined f r o m growth curve experiments based on the 

protocol described by Fre.shney (1987). Cells were inoculated into 24 we l l muUiwel l plates ( L i n b r o ) , at a 

density o f 2x 10^ cells per we l l , in I ml o f Hams F12 w i t h supplements, and incubated f o r 24 hours at 37°C. 

A t approximately 24 hour intervals after seeding, cells in four o f the wel ls were harvested for cel l counting. 

Monolayers were washed w i th prewarmed PBS, and then detached by addi t ion o f 0.1 m l o f t ryps in. When 

the cells were rounded, the trypsin was gently pipetted up and down to dislodge the cel ls. Cells were counted 

in a haemocytometer, and the mean number o f cells per we l l calculated. The results were expressed as log lO 

numbers o f cells against t ime (days) after seeding. Th is method gave an estimate o f the generation t ime o f 

the cells a l lowing subsequent cal ibrat ion o f exposure times for subsequent mutagenici ty assays. 

2.3.3. Sta in ing f o r the presence o f Mycop lasma in fec t i on . 

T o determine i f the cell stocks were infected w i t h Mycoplasma species, cultures were inoculated onto large 

(22x50 mm) gla.ss coverslips, previously steril ised by dry heat. Three coverslips were aseptically placed into 

90mm diameter, sterile, bacterial grade petri-dishes, and inoculated direct ly w i t h 1ml o f a 2x10^ cel ls/ml 

cell suspension. The plates were then incubated fo r two hours at 37°C to a l low cel l attachment to the 

coverslips, before the addit ion o f a fur ther 7ml o f cul ture media. The plates were placed into I l i t re airt ight 

boxes, gassed wi th 50 ml CO2, and then incubated fo r a further three days at 3 7 * C , ^ f t e r incubation 
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coverslips were flxed and stained for the pre.sence o f mycoplasma infect ion. 

Cells were stained for the presence o f mycoplasma infect ion fo l l ow ing the protocol described by Chen 

(1977). Culture media was part ial ly drained f r o m coversl ip cultures, and replaced w i t h 8 m l o f Camoy 's 

f ixat ive (3.1 methanol, glacial acetic acid), and fixed for five minutes. The fixative was then replaced w i t h 

100% Camoy 's fixative, and cultures fixed fo r a further ten minutes. The coversl ips were a l lowed to air 

dry, before covering w i th I m l o f a 0 .05/ ig /ml solut ion o f Hoechst 33258 (Sigma) in PBS for 15 minutes at 

room temperature. A f te r incubation, cells were rinsed three times in dist i l led water, and then the coverslip 

blotted dry . Coverslips were then mounted onto microscope slides w i th a drop o f g lycero l mountant (c i t r ic 

acid 4 .6g / l , Na.PO^ 8.2 g/1 and 500 ml g lycero l ) . 

Positively and negatively infected Human Vero cell preparations were purchased ( E C A C C ) pref ixed, and 

were stained and mounted as described above. Cells were examined under a xlOO object ive using the 

reflected fluorescent l ight source as described below (2.2.4) 

2.3.4. Cel l harvest and sl ide p r e p u n i t i n n f o r examina t ion o f chromosomes. 

Prior to cell harvest, colcemid (0 .1ml o f a 200/ ig /ml solution) was added to cultures, wh ich were then 

incubated fo r a further 2 hours. Fo l low ing incubation w i t h colcemid, cells were harvested as fo l lows. 

Culture flasks were coded alphabetically and then, mitot ic cells were dislodged by gent ly shaking the flask. 

The suspended cells and culture media were then transferred into correspondingly coded 10ml cenlr i f t ige 

tubes. The cells were pelleted by centr i fugat ion at 1000 rpm for 10 mins. The media was discarded and the 

cell pellet resuspended. The cells remaining in the flasks were rinsed w i t h warmed PBS, and detached f r o m 

the flask by the addit ion o f 0.4ml o f t rypsin. When finally detached, further t rypsin act ion was prevented 

by the addit ion o f 5 ml o f fresh media.. The result ing cell suspension was then transferred back into the 

respectively labelled centr i fuge tube and the cells again pelleted by centr i f i igat ion. Th i s method was used 

to reduce the loss o f mitot ic cells, wh ich were already suspended in culture fluid and decreased ftirther loss 

dur ing the washing o f cells w i th PBS. The cell suspensions were centr i fuged at 1000 r p m fo r ten minutes, 

and the pelleted cells then resuspended in hypotonic K C l ( 0 . 5 6 % ) for 15 to 20 minutes at 37°C . The cells 

85 



were again centr i f i iged and the pellet resuspended in 5ml o f freshly prepared, chi l led acetic methanol f ixat ive 

(3.1 absolute methanol, glacial acetic acid). Cells were immediately centr i f i iged and the f ixat ive replaced. 

Cells were f ixed for at least one hour, in at least three changes o f f ixa t ive. Cultures were usually harvested 

and treated up to the second fixation, and then stored overnight at 4''C. W i t h the final change o f fixative, 

and sl ide preparation, performed the next day. 

Metaphase spreads were prepared by dropping the translucent cell suspension onto p r e ^ h i l l e d , grease free 

slides, wh ich were then al lowed to air d ry . Ini t ia l slides were examined under phase contrast to assess the 

degree o f chromosome spreading. When acceptable slides f r o m al l cultures had been prepared, slides were 

stained in 3-5% giem.sa in buf fer (pH 6.8, Gur r ) f o r 15-20 minutes. 

2 .3 .5 . K : i r y o t y p i c analysis o f cloned C H O - K l cells. 

Due to variations in both slide preparation and natural var iat ion between cells in the populat ion, the number 

o f chromosomes observed in di f ferent melaphases usually d i f f e r . T o determine how many chromosomes 

constitute the "normal" cel l , untreated cells were harvested and examined to determine the distr ibut ion o f 

chromosomes. The most frequently observed number (modal number) was assumed to represent the normal 

cell complement. In genotoxicity assays the cells w i t h the modal number +/- 2 chromosomes were selected 

fo r scoring. 

The modal chromosome number o f the G6 clonal l ine, was determined f r o m the numbers o f chromosomes 

in approximately 500 randomly selected cells. Several cells w i t h the modal number o f chromosomes were 

selected and photographed for preparation o f tentative karyotypes, based on the size and centromere posit ion 

o f the chromosomes. Banding techniques were not used to compi le karyotypes, due to the extensive 

modi f icat ion o f the chromosomes compared w i t h those in or ig inal Chinese hamster cel ls . 

2 .3 .6 . Microscopy and Phnto in ic rograp l iy . 

Cel l preparations were examined on a Reichert-Jung "Polyvar", microscope equipped w i t h x40 and xlOO 

planapochromat objectives. For l ight microscopy, metaphase chromosomes o f interest were photographed 
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on the Polyvar microscope, equipped w i t h a Konica 35mm camera w i t h automatic exposure contro l . 

Chromosome spreads were photographed using K B 14 black and whi te film, against a green filter to enhance 

contrast. The max imum exposure t ime was kept to one second to avoid v ibra t ion. A l l photographs were 

developed in LD l i developer (1.1 i n water) fo r approximately six minutes w i t h 30 seconds agitat ion at 

approximately two minute intervals. 

For fluorescence microscopy, cells stained w i t h Hoescht 32258, were examined under a x lOO objective, 

using a reflected fluorescent l ight source (mercury vapour) equipped w i t h a 320-330nm exc i ta t ion filter and 

418nm long pass barrier filter. Cells were photographed using Kodak T - M A X 400 black and whi te film, 

pre-exposed at A S A 6400. and then exposed for two to four seconds at A S A 400. Th is film was developed 

as for a film speed A S A 100 for six minutes in I D I I . 

2.4. M e t a b o l i c a c t i v a t i o n . 

Metabol ic activation o f test samples and posit ive control mutagens was achieved by using a crude preparation 

o f rat l iver homogenate. The metabolic enzymes o f interest (cytochrome P450's) are isolated f r o m hepatic 

tissue debris by centr i f i igat ion at approximately 9000g fo r 15-20 minutes. The result ing supernatant is known 

as the post mitochondrial fract ion o r S9 f ract ion. Th is firaction contains microsomes der ived main ly f r o m 

disrupt ion o f the endoplasmic ret iculum o f the cells and is rich in both P450 enzymes and 

gIucose-6-phosphate dehydrogenase. This latter enzyme is used to regenerate N A D P H in the test system. 

2 .4 .1 Prepara t ion o f the S9 f r a c t i o n . 

S9 fractions were obtained using a protocol described by Ma ron & Ames (1983). I n i t i a l l y male Wistar rats 

were used to provide the S9 fract ion. However, later batches were prepared f r o m Sprague-Dawley rats. 

Male rats o f approximately 200g were intraperitoneally injected w i t h 500mg/kg body we igh t A roch lo r 1254 

i n sterile c o m o i l . A f t e r five days the rats were sacrif iced and the l ivers removed aseptical ly. The l ivers 

were washed in ice co ld saline in a sieve to remove al l traces o f b lood. Who le l ivers were weighed and three 

times this mass o f K C I solution (0 .15M) was kept on ice f o r use in homogenation. T h e l ivers were finely 

minced w i t h sterile scissors and.homogenised (handheld Potter Homogemser) w i t h the addi t ion o f the 
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reserved K C I solut ion. When fu l l y homogenised the remaining K C l solut ion was added and the suspension 

transferred to a sterile 250ml centr i fuge bott le. The suspension was centr i fuged ( M S E 18) i n a pre-chi l led 

rotor at 9000g for twenty minutes at 4*'C. Af te r centr i fugat ion the resulting supernatant was decanted o f f 

and dispensed into sterile cryovials, quick frozen in a dry ice/methanol bath o r l i qu id n i t rogen, and then 

transferred to a l iqu id nitrogen freezer. A sample o f the S9 was retained and streaked onto t ryp lone soy 

agar (TSA) fo r ster i l i ty testing. 

2.4.2. Cy toch rome P-450 de termina t ion i n S9 f r a c t i o n . 

T o determine the functional qual i ty and quantity o f the P450 enzymes in the S9 f ract ions, the enzymes were 

assayed spectrophotometrically, using a method described by Lake (1987). Th is assay util ises the 

characteristic absorbance spectrum o f the reduced P450 enzymes when complexed w i t h carbon monoxide 

(CO) . Enzyme act iv i ty was measured f r o m frozen samples rather than before freezing to a l low fo r loss o f 

act iv i ty associated w i t h the freezing process. The S9 fractions were al lowed lo completely defrost at room 

temperature and were then stored on ice unt i l required. Di lu t ions o f S9 f ract ion were made i n pre-chil led 

0 . 2 M phosphate bu f fe r ( p H 4 ) , and reduced by addit ion o f a small amount o f so l id sod ium di th ion i te . The 

reduced enzyme suspension was then div ided into two matched polystyrene cuvettes, and an absorbance 

baseline measured between 400 - 500 nm in a t w i n beam spectrophotometer ( P Y E U N I C A M ) . Carbon 

monoxide from a gas generator, containing concentrated sulphuric and fo rmic acids, was bubbled through 

the test cuvette fo r one minute. The sample was then re-scanned and the absorbance spectra recorded. The 

concentration o f active cytochrome P-450 per ml o f S9 fract ion was calculated f r o m the di f ference in 

absorbance maxima as observed between 450 om and 490 n m ( A A 400-490nm). The quant i ty o f P-450 in 

nano-moles (nmol) per m l o f the S9 fract ion was calculated f r o m equation 1 . T h e molar ext inct ion 

coeff ic ient o f cytochrome P450 is given as 91 cm^/nmol after Omura and Sato (1964) c i ted by Lake (1987). 

A / l ( 4 5 0 - 4 9 0 ) / i m „ lOOO^vo / of S9 sampleiml) ^ volume of buffer (ml) of S9 fruction 

1 91 vol of sample {ml) 

2 .4.3. Compos i t i on o f S9 m i x . 

Besides the presence o f the S9 described above, (2 .4 .1) several cofactors are required t o enhance enzyme 

act iv i ty . Usual ly , these f o r m an N A D P H regenerating system consisting o f N A D ? and gIucose-6-phosphate 
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(G-6-P). The S9 fract ion plus co-factors is the referred to as the "39 m i x " . 

Several authors have described wide ly d i f ferent fonnulae fo r the composi t ion o f the S9 m ix . One o f the 

simplest was that described by Benford and Hubbard (1987), and consisted o f cul ture media, S9 f ract ion, 

and G-6-P and N A D P (monosodium salt). This S9 mix was adopted fo r use in this investigat ion. The 

composit ion o f the S9 mix is shown below (table 8) both for the or ig ina l m i x , referred to as l x S 9 , and a 

subsequent modi f icat ion containing twice the volume o f S9 fract ion referred to as 2xS9. 

Table 8: Compos i t ion o f S9 mixes used in in vitro genotox ic i ly assays 

Component lxS9 2xS9 

Serum free F12 Media 28.7 ml 27 .7 ml 

S9 ( f ract ion) 1.0 ml 2 .0 ml 

N A D P solution (80 m M ) 0.15 ml 0.15 ml 

G-6-P solution (100 m M ) 0.15 ml 0.15 ml 

Total 30.0 ml 30 .0 ml 

2.4.4. B io log ica l chanicler i .sat ion o f S9 ac t i v i t y . 

Three batches o f S9 mix were prepared although only two were used in assays after enzyme act iv i ty assays. 

T o establish the suitabi l i ty o f the S9 fractions to be used in genotoxici ty assays, they were tested for their 

abi l i ty to metabolise the activation dependent mutagen cyclophosphamide (CP). CP was chosen as a stock 

mutagen because it was readily available and more importantly was soluble in water, rather than organic 

solvents, reducing the risks involved o f handl ing o f the solutions. Assays o f the in i t ia l S9 f rac t ion, were 

conducted in sister chromatid exchange assays, as these were considered easier and more rapid to score. 

Four concentrations (1.5, 3.0, & 6.0 /xg/ml) o f CP were tested w i t h the l xS9 m i x , but on l y one CP 

concentration (3.0 ;xg/ml) was tested w i th the2xS9 mix . Negative and posi t ivecontrols contained CP wi thout 

S9 mix and dist i l led water w i t h both S9 mixes. Later S9 fract ion preparations were tested in chromosome 

aberration assays, where four concentrations o f CP were tested w i t h both the lxS9 and 2xS9 mixes. Tl ie 

dose responses obtained were compared to those published by Gal loway et al (1985) to assess the 

effectiveness o f the S9 f ract ion. 
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2.5. G e n o t o x i c i l y assay.s. 

2 . 5 . 1 . Emission sample cylol t>xic i ty lesLs. 

Cytotox ic i ty tests were conducted on al l samples to discover the max imum tolerated concentrations. The 

method chosen was based on that described by Truehaft (1983). Th is is dependent on the uptake o f neutral 

red stain by viable cells. Assxiys were conducted in 24 wel l mu l t iwe l l plates ( L i n b r o ) , each we l l having a 

diameter o f 16mm and a surface area o f approximately 2cm^ Plates were seeded at a density o f 2x10^ cells 

per wel l and incubated for 24 hours at 37*'C. Var ious concentrations o f each sample were dissolved in 

dimethyl sulphoxide ( D M S O , Sigma), and then introduced into wel ls in volumes o f lO/il. D M S O was used 

as a solvent control . Duplicate wel ls were inoculated for each concentration tested. Cells were further 

incubated for 14-18 hours. A f te r exposure the culture media was removed and the cel l monolayer washed 

wi th 1 ml o f PBS. This was then replaced by 1 ml o f a 33mg/l solut ion o f neutral red in PBS. Cells were 

incubated for a further two hours to a l low dye uptake, after wh ich the residual neutral red was discarded 

and the monolayers then washed twice w i t h I m l o f PBS. Intracellular dye was released by the addit ion o f 

Im l o f extraction buf fer (50% ethanol in 0. I M NaH2p04). The amount o f dye uptake was detected 

spectrophotometricallyagainst an extraction buf fer blank at 540nm in a t w i n beam spectrophotometer (PYE 

Unicam). TTie cytotoxic effects o f exposure were derived f r o m the comparison o f the absorbance readings 

o f treated wells to that o f the controls. 

2.5.2. Chromosome aber ra t ion as.says. 

The protocol used fo r per forming chromosome aberration assays was based on that described by Gal loway 

et al. (1985). Cells for aberration a.ssiiys were seeded at a density o f approximately 2.5x10^ cel ls/ml in 8ml 

o f Ham's F12 supplemented w i th FBS (10%) , l -g lu tamine( l % ) , and w i t h solutions o f 200 l U / m l Penici l l in 

and 200/ ig /ml Streptomycin (both 1 % ) , and incubated for 24 hours. In almost al l experiments, four sample 

concentrations, solvent ( D M S O ) and posit ive controls (N-methyl -N-N-ni t rosoguanid ine and 

cyclophosphamide) were tested. Dupl icate cultures were seeded f o r al l sample concentrations and solvent 

controls, w i th single cultures used for posit ive controls. Cultures were treated, both w i t h and wi thout the 

presence o f a supplementary metabolic activation system (S9 m ix ) as described below (2 .4 .3) . 
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In cultures not requir ing metalxi l ic act ivat ion, after 24 hours, 80/xl o f samples dissolved in dimethyl 

sulphoxide ( D M S O ) at various concentrations, and solvent controls, were direct ly introduced into flasks. 

This was achieved by t i l t ing culture flasks and ejecting the sample direct ly into the media, avoiding direct 

contact o f the sol vent/sample w i th the wal ls o f the flask or the cell monolayer. Th is served to prevent direct 

tox ic i ty to the cells and to prevent the D M S O solubi l is ing components o f the flask mater ial . Inoculated flasks 

were then gently rocked to ensure even dispersal o f the test chemicals, and incubated fo r some further 14-18 

hours. Colcemid (lOO/tl o f a 200^g /ml solut ion per flask) was added for the final two hours. 

Cultures requir ing metabolic activation were treiiled as fo l lows, 24 hours after culture in i t ia t ion , the growth 

media was discarded, and the cell monolayer washed w i t h 5ml o f pre-warmed PBS. Th is was then replaced 

by 8ml o f prewarmed "S9 m i x " , into wh ich samples and solvents were direct ly inoculated. Cells were 

exposed to the S9 mix plus test agents fo r two hours, after which the S9 was discarded into a storage 

container, and the cells washed twice w i th 5ml o f PBS. A f te r washing, 8ml o f pre-warmed F I 2 media was 

added to the cultures, which were then incubated for some further 12-14 hours, w i th colcemid present (as 

above) fo r the final two hours. 

2.5.3 Scor in j ; o f cells f o r chromosome aber ra t ions . 

Stained slides were coded to prevent bias dur ing scoring. Slide labels were masked w i t h tape and randomly 

labelled. Metaphase cells w i t h the modal number o f chromosomes, were selected by the appearance, and 

degree o f spreading o f the chromosomes. Cells w i t h the or ig inal modal number o f 20 ± 2 chromosomes 

were .scored as suggested by Gal loway (1985). In later assays, where the modal number fe l l to 19 

chromosomes the selected range o f 18-22 chromosomes was st i l l used. Cells in wh ich the chromatids were 

not separated, were not scored. Cells in which chromosomes were poor ly spread, were examined to 

delennine i f this was due to the presence o f complex aberrations (as suggested by Savage 1975). 

Melaphase cells for .scoring were selected f r o m successive fields o f v iew under x40 magni f icat ion and then 

examined in detail under a x 100 o i l immersion object ive. One hundred cells (where possible), were scored 

- f rom each flask. In cases where 100 cells could not be scored f r o m one sl ide, successive slides were 
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prepared f r o m each cult i i re. Abernmt cells were recorded on data sheets w i t h their locat ion and types o f 

aberration. Observed aberrations were classed into several categories based on the descript ion given by 

Gal loway et al. (1985). These are described as fo l l ows ; chromatid and chromosome gaps (wh ich were 

defined as any non-staining region at which the chromatid arm at either side o f the region remained al igned), 

chromatid and chromosome breiiks ( inc luding terminal deletions), chromatid and chromosome interchanges 

(result ing in tr iradials, dicentrics, ere). Chromosome damage such as pulverised chromosomes and cells 

w i t h mul t ip le aberrations were recorded as 'other' aberrations. Results were expressed as percentages o f 

cells w i t h chromosome aberrations excluding gaps. 

The mitot ic indices o f treated cultures were also calculated, by counting the numbers o f mi tot ic cells f r o m 

a random sample o f 2000 cells, as suggested by De;m and Danford (1984). Results were expressed as 

number o f metaphiLse cells per 1000 cells. 

2.5.4. Sister ch roma t i d exchan;>e assays. 

Cultures for sister chromatid exchange assays were prepared and inoculated w i t h test samples, essentially 

as in chromosome aberration assiiys as previously described (2 .3 .2) . In SCE assays wi thout supplementary 

metabolic activation, two hours after sample inoculation 0.1 ml o f a 0.3 mg/ml aqueous solut ion o f 5-bromo-

deoxy ur idine (BrdUrd) was introduced. I n cultures w i t h supplementary metabolic act ivat ion the BrdUrd 

was added direct ly to the replacement media as described in previously (2 .3 .3) . A f t e r inoculat ion o f the 

B rdUrd , alt cultures were placed into l ight p roo f boxes and incubated fo r some f i i r ther 24-26 hours. 

Colcemid was added under subdued l ight condit ions f o r the f inal two hours o f incubat ion. A l l procedures 

fo r cell harvesting and slide preparation were performed in subdued l ight as described above (2 .3 .3 ) . 

2.5.5. Di lTerenl ia l s ta in ing f o r sister c h r o m a t i d exchanges. 

Cells were harvested and f ixed as previously described w i t h the exception that a l l procedures were 

performed under subdued l ight ing condit ions, wh ich were maintained unt i l the slides were dry . The Hoescht 

plus gieima technique (FPG) , used for d i f ferent ia l chromatid staining was a mod i f i ed version o f that 

described by Dean and Danford (1985). A i r dried slides were immersed in room temperature solutions o f 
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PBS pH 7.0 for five minutes, then transferred to a 0.5/ tg/ml solut ion o f Hoescht 33258 in PBS for 10 

minutes. Slides were then rinsed in PBS and placed face up in a shal low tray and covered w i t h a th in layer 

o f PBS to prevent dry ing dur ing U V exposure. Slides were exposed to a 356nm U V l i gh t source (Camlab) 

at a distance o f approximately 15-20 cm fo r two hours. A f t e r exposure, slides were rinsed in a solut ion o f 

2xSSC (0 .03M sodium citrate /0.30 M NaCI) at room temperature, and incubated f o r 15 minutes in this 

solut ion at 65°C . Slides were finally rinsed in dist i l led water and stained in 2-3% giemsa f o r 15-20 minutes. 

2.5.6. Scor ing o f cells f o r sister ch roma t i d exchanges. 

Cells were selected based on chromosome spreading and contrast between the chromatids. Th i r t y cells were 

randomly selected f r o m e;ich culture and the numbers o f exchanges counted in each, using a xlOO o i l 

immersion object ive. Results were expressed as both the mean number o f exchanges per chromosome and 

per cel l . 

2.6. Sta t i .s t icu l ana lys is o f c y togene t i c d u t u . 

Data obtained f r o m chromosome aberration and sister chromatid exchange assays were analysed by protocols 

sugge.sted in the U K E M S guidelines (K i rk land 1989). Var iat ion between replicate cultures was assessed by 

using appropriate dispersion statistics, and dose responses were tested fo r signif icance by linear trend tests 

described by Margo l in (1986) and Cooke et al{X9%9). 

2.6.1. Analys is o f the var ia t ion i n numbers o f cells w i t h chromosome aberra t ions between repl icate 

cul tures. 

Before testing dose respon.ses for signif icance, the variat ion between numbers o f aberrant cells in duplicate 

cultures at each sample concentration, was tested using a b inomial dispersion test as described Richardson 

et fl/.(1989). Th is test was used to determine the inter-duplicate variat ion between the numbers o f aberrant 

cells observed. I f there was no signif icant variat ion between duplicate cultures then it was statistically val id 

to combine the values o f numbers o f cells scored and numbers o f aberrant cells, f r o m duplicate cultures. 

The test statistic (calculated f r o m equation I ) , when compared to the upper percentage points o f the chi 

squared distr ibut ion w i t h ( m . - l )degrees o f f reedom, indicates whether there is excess variat ion between 

1=0 
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replicate cultures. 

^'-ZE ^%f^^ (1) 
/=o y=i f^ijPii^ -Pi) 

In experiments where the number o f sample treatments are labelled f r o m 0 to / , and where tO is the solvent 

contro l . In the treatment where i—0 to / , there are ///; numbers o f replicates ( in most cases ni = 2 in this 

work ) . From the replicate (/" = I to m) there are numbers o f cells scored, o f these are found to 

contain aberrations. The proport ion (j),) o f aberrant cells at the treatment, was calculated f r o m the 

summing the numbers o f cells .scored and the number o f aberrant cells observed f r o m the duplicate cultures 

(j),=^ rJn-XO to give those samples in which no excess variat ion between cultures were observed, the data 

for numbers o f aberrant cells and total number o f cells scored were pooled. 

2.6.2. Anuly.sis o f chrnmosoine aber ra t ion data f o r dose re lated responses. 

Af te r determining the variat ion between duplicate cultures, the presence o f s igni f icant dose responses o f 

numbers o f aberrations w i t h increasing sample concentration, was assessed using the l inear trend test 

described by Margo l in ef rt/.(1986). Prel iminary analysis o f the aberration data required the grouping o f 

aberrations into three categories defined by Gal loway (1985). These categories were. 

(/) Simple; including chromosome / chromatid breaks and terminal deletions. 

(it) Complex; including exchanges and rearrangements. 

(Hi) Tota l ; including both types / and //', and cells containing mul t ip le aberrations and pulverised cells. 

The numbers o f abernmt cells f r o m each duplicate cul ture at each sample concentration were pooled and 

the proport ion o f aberrant cells per Siimple treatment (p^^) were calculated using p j j=Yi j /n ; . I n experiments 

where there are r doses labelled c/̂ , to is the solvent contro l , n, numbers o f cells are scored at the 

dose. Yij represents the number o f cells at the dose w i t h category J o f aberrations where J is equal to the 

categories described above (section 2 .6 .2 . ) . The overal l trend statistic fo r each category o f damage j is given 

-by equation 2. - - _ _ _ _ _ _ _ _ _ _ _ _ 
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2 . = ^ : ^ — (2) 

The value o f Zj obtained is one tai led, and is referred to a table o f the standard normal d is t r ibu t ion, to obtain 

a P value. Values were then corrected by t r ip l ing the obtained P value to compensate for the mul t ip l i c i t y 

o f comparisons against the control data. Margo l in ci al. concluded that it is preferential to score 200 cells 

per treatment culture rather than 100, Richardson et al. suggested that there was no statistical advantage in 

scoring 200 cells f r o m one flask over 100 cells f r o m two flasks as long as the in the latter case the cell 

populations were consi.stent w i th the binomial d ist r ibut ion o f aberrations. Trend statistics were calculated 

using a spreadsheet, the format o f which was constnicted using the data presented by Gal loway (1986). 

2.7. Analysis o f sister c h r o m a t i d exchanj^e data. 

Analysis o f SCE data is dependent o f the on the assumption that the exchanges occur randomly over all the 

chromosomes w i th in a cells, and between a l l cells thus f o l l o w i n g a Poisson dist r ibut ion w i th in the culture. 

Prior to analysis o f the linear trend o f any dose respon.se, prel iminary conf i rmat ion o f the d ist r ibut ion o f 

SCE fo l l ow ing tho.se predicted by a Poisson model was required. Th is was achieved by employ ing a 

dispersion test as described by Snedecor and Cochran (1980, cited by Cooke 1990). Th is compares the mean 

values o f the o f SCE's obtained against the variance o f their d is t r ibut ion, as in the Poisson model these 

values are equal. The test is applied to the SCE distr ibut ion between cells w i t h i n single cultures and the SCE 

distr ibution between di f ferent cultures, thus enabling a estimate o f both the intra- and inter- flask SCE 

distributions. 

2 .7 .1 . Analysis o f S C E d i s t r i bu t i on between i n d i v i d u a l cells. 

This test was performed using the values o f SCE*s per cel l and is based on the test 

n 

statistic T-Yl CVfc">')'/>' » where there are n cells each w i t h y numbers o f SCE*s. The mean numbers o f 
k-.\ 

SCE's per culture, v is given by y=^yf./ti (k = indiv idual cells). On the basis o f that the data are 
k=l 

consistent w i th a Poisson model, the statistic has a distr ibut ion w i t h (n-1) degrees o f f reedom. The values 
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obtained f rom eiich culture were then summed to give an estimate f o r the whole experiment and increase 

the degrees o f freedom. In this test the number o f cells scored per cul ture need not be equal. The total ^ 

statistic obtained was then compared to the cr i t ical value o f the d is t r ibut ion w i t h the appropriate degrees 

o f freedom at (P = 0.05) and i f less than the cri t ical value, was assumed to indicate that there was no excess 

variat ion between intracellular SCE distr ibut ion. 

2 .7 .2 . Analys is o f S C E data f o r rep l i a i t e cu l tu re elTecls. 

A f te r testing o f the indiv idual cultures, a simi lar dispersion test was performed on the data f r o m replicate 

cultures w i th n numbers o f cells scored and r numbers o f replicates at each sample concentration tested. The 

test statistic was derived f r o m X '=J^ ( ^y^ ' ' ^ ^ ) " / " ;> ' where, the total SCE count o f a replicate cul ture 

;=i 

( / '= 1 to r ) is defined as Tj. The me;m number o f SCE's at each sample concentration is given by 

r 

T-"^ T.fr . y represents the mean number o f SCE's for al l replicate cultures at a particular sample 
;=i _ r, 

concentration, and is found f r o m y = ^ " / • statistic obtained f r o m each set o f replicate 

cultures was referred to the X " distr ibut ion w i th ( r - l ) degrees o f f reedom. TTie values were again summed 

over all sample concentrations to achieve a value fo r the whole experiment. 

2.7.3. Analys is o f sister c h r o m a t i d txchanye data f o r dose re lated responses. 

T w o methods were used to calculate values for the linear trend statistics o f the SCE data, depending on 

whether the data was compatible w i t h the Poisson model. For those datasets wh ich were compatible w i t h 

a Poisson distr ibut ion o f SCE's in both indiv idual cell counts and between replicate cultures, the linear trend 

test described by Gal loway et al. (1985) was used. Due lo the sl ight variat ion in the numbers o f 

chromosomes w i th in cells scored, the trend statistic was based in the numbers o f SCE's per chromosome 

r 

rather than per cel l . The linear trend statistic (2) is derived f r o m Z=Y^x.(Y.^- hi^Y) / [Ys^ , the 
1-0 

components o f which are described below (table 9. ) 
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The other linear trend test used was that described by Cooke et fl/.(I989), and is based on the failure of the 

replicate data to meet the requirements of Ihe Poisson model. In this case the linear trend was calculated 

using the between cultures analysis of variance (ANOVA) the error was estimated from the between cultures 

mean square value obtained (Appendix 3). This analysis requires transformation of the SCE numbers to 

Table 9: Notation used for the analysis of S C E data for dose related linear trends. 

The SCE experiments consist o f a control and r doses of a chemical , where / i , cells are scored after 
exposure to the dose the response denotes the SCE count for the cell scored after exposure to the 
I**" doserfj , y = l , . . . . / i i , / = ,0 , l , . . . . r . here(/=0 is the control and it is assumed that 0<<i i<</2<... <<^,. The 
/ i j cells scored after exposure to the i*** dose may represent results obtained from replicate flasks. 

Reproduced from Margolin et al 1985. 

attempt to achieve a constant variance for the data. 

A square root transformation was selected and the trend statistic calculated f rom b/SE(b) where 

h-^, SEofb^ 

1 = 1 

In the above jc = the coded sample concentration, x = the, sum of coded dose/number of doses, z = the 

transformed mean numbers of SCE*s per culture. S^= the between cultures mean square. Test statistics 

obtained were compared to the t distribution (one-tailed) with between cultures degrees o f freedom 

(Appendix 3). 

2.8. Analysis of engine emission data. 

2.8.1. Calculation of emission rates f r o m given data fo r the conditions sampled. 

Emission data obtained from the Prima engine while on site at Plymouth, during the initial period o f this 

study, were obtained from Perkins Engineering LTD . The speeds and load at which emissions were collected 

were not the same as those selected for mutagenicity sample collection. To calculate values of each emission 

at the conditions tested, regression analysis of the Perkins data was performed. Data was plotted using "Fig 
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P" graphical software (Biosoh), which was ihen used to calculate best f i t and 95% confidence limits for 

regression lines. The values for load and speed used for mutagenicity sample collection, were then entered, 

and the results of emission at e:tch of theses points calculated by (he software. The results of this analysis 

are included in appendix 3. 
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3.0. Resul ts . 
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