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Characterization of Automotive Emissions
by Bacterial Mutagenesss Bicassay: A
Review

Larry D. Claxton

Genetic Toxicology Division, U.S. Environmental Protection Agency, Research Triangle
Park, North Carolina

Duc to the growing numbers of diesel passenger sutomobiles in the United States.
there has been an expanded cffont to understand the health effects of airborne
pollutamts arising from increased automative emissions. Bactenal mutagenivity
testing has played an important role in the characterization of genotosic effects
and components arising from these combustion products. This review examines
published material concerning the bacterial mutagenicity of automotive cmissions.
In addition, the paper explores factors that modity the mutapenicity of mobile-
source emissions, the use of bacterial tests for the cmnpanmn of various mobile
source cmissions, and the use of bacterial WM 0 examine the phenomena of
mamnidian eptake and metabolism.
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INTRODUCTION

The United States has approximately 130 million passenger cars and light-duty
trucks, ncarly one light-duty vehicle registered for cach adult. The sales and servicing
of automobiles and trucks account for about 25% of the US retail market [Gray and
van Hippel, 1981]. In 1980 this fleet of vehicles consumed approximately 2 biilion
barrels of oil. Since engineering tests have shown a 25% or greater improvement in
fuel cconomy in light-duty vehicles equipped with diesel engines versus those equipped
with gasoline engines. dicsel vehicle sales are expected to increase trom 4% (1980)
to 18% (1985) of the new car market. This “diesclization™ has sparked new interest
in the health effects of mobile-source emissions. Although carlier work {Kotin et al.
195, 1955] had demonstrated that diesel and gasoline emissions have potential
carcinogenic activity, it was not uatil 1978 that indusiry and government expanded
their cfforts toward understanding whether or not mobile-source emissions could
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show any potential genotoxic health effects. This issue received priority after Hui-
singh et al [1978] and a cautionary notice for laboratory workers issued by the US
Environmental Protection Agency (EPA) |Gage. 1977] reported that organic fractions
from the exhaust particles of diesel vehicles were mutagenic in the Ames Salmonclla
typhimurium plate incorporation assay [Ames ct al, 1975). The purpose of this review
is to recognize and document the role that bacterial mutation tests have played in -
characterizing mobile source emissions for genotoxic activity. A summary of this
review was given at the EPA 1981 Dicsel Emissions Symposium held October 5-7,
1981. in Raleigh, NC {Claxton, 1981b}.

Although the original report by Huisingh et 'I {1978] was quite extensive—
examining, for examnle. chemical and physical properties of fractions from exhaust
organics, multiple vehicles. and multiple fucls—many questions remained unan-
swered. Rescarchers in government and industry, in the service of the public interest,
have used bacterial mutagenicity tests to answer several critical questions concerning
sample pencration, collection, cxtr’uctinn fractioration, bioassay, statistical signifi-
cance, and relevance. For example, Wei et al 11980} postulated that ». . . controver-
sies on the biological hazards of diesel emissions will remain unu.solw.d until more
is khown about the chemical identities of the direct-acting mutagens.™ Fractioniation
directed by bacterial bioassay results cnables investigators to follow the distribution
of genwtoxic activity amonyg different chemical classes before compound identification
s complete. In addition, micrebial tests allow comparative measurements of geno-
toxic activity {rom roadside-exhaust, smog-chamber, and dilution-tunnel samples.
The purpose of this paper. therefore, is to recognize and document the role that
bacterial mutation tests have played in characterizing mobit..-source emissions for
genotoxic activity. The hacterial muatagenicity of mobile-source emissions is consid-
cred according to the following schema: (1) generalized observations: (2) geacration
of emissions: (3) collection of emissions samples: (4) extraction of porticulate sam-
ples: (51 fractionation ‘and identification of individual chemical components: (6)
applicahility and relevance of bactersal bioussays: and (7) data transformation and
statistical analysis of rescarch data. ' '

GENERALIZED OBSERVATIONS

Huisingh ¢t al {1978} and most ather investigators have used the Salmoncelia
typhimurium plate incorporation assay JAmes ot al, 1975} as the primary test protocol.
Although some investigators employ all five tester strains recommended by Ames for
general screening, many investigators work exclusively with strains TA98 and TA 100,
primarily for two reasons: First. the sample amounts available have been relatively
limited: and second. TAYR and TA OO have been the stzting most responsive to the
soluble organic fraction (SOF) extracted from mobile-source emission particles. Total
cxtracts give negative results in tests with TAIS3S. which responds 10 base pair-
substitution mutagens: however, since bioassay-directed chemical fractionation stud-
ies have not generatly used this strain, any fractions contuining mutagens that cause
base pair substitution may be overlooked. Strain TA1S38 provides even more inter-
esting observations. TAI53S exhibits an increased response upon the addition of an
Aroclor-induced hiver homogenate, whercas TAY9S exhibits the same or a decreased
response under exogenous activation. The different responses of TATS38 and TA9S
- suggest cither that (1) TA1S38 (although not providing as many revertants per plate)
distinguishes the presence of indirect-acting mutagens not readily detected hy TAYS:
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or (2) TAY8 detects frameshift promutagens that are S9-deactivated, which TA1538
is not capable of detecting. Researchers may thus be undercstinwting the importance
of indirect-acting frameshift mutagens within mobile emissions.

Using the knowledge of mutagens available at that time, Wei et al [1980]
surmised that nitro-substituted polycyclic aromatic hydrocarbons (PAH) were the
probable mutagens associated with diesel exhaust emissions. Nitro derivatives of
some PAHs have been identified in ambient air samples [Jiger. 1978; Wang et al,
1980; Talcott and Harger. 1981 Pitts ct al. 1982b). Rosenkranz et al {1980} and
Mermelstein et al {1981) charactertzed nitro reductase-deficient bacterial-strains that
allowed for the initial recognition of nitroarenes in mobile emissions. Nitroarenes
were identified in diesel exhaust through the usc of these strains by Claxton [1981a}.
Claxton and Kohan [1981]). and Lofroth {1981].

The 8-azaguanine mutation system has also shown positive results with various
mobile source emissions. It can be used to give a more quantitative approach and
identify a wider spectrum of compounds [Claxton and Kohan, 1981 Liber et al. 1980,
Barfknecht ¢t al. 1981b]. However. this system has not been gencrally employed.

The widely used liver homogenate systems gencrally reduce the mutagenic
response of diesel organics (excepting TA1538). However, exogenous activation in
gasoline exhaust organics produces an enhanced mutagenic response, a fact that has
reccived litle emphasis in the Iiterature. Thus, diesel and gasoline vehicles are
demonstrated to emit different mutageniv: compounds.

FACTORS THAT MODIFY THE GENERATION OF MUTAGENS WITHIN
MOBILE SOURCE EMISSIGNS

In the generaiion of cmissions from a combustion system, there are five funda-
mental components o consider: the fuel, the fuel’s oxidant, the fuel’s diluemts, the
type and degree of combustion, and the atmospheric and eavironmental conditions,

Fuels

Fuels could influence the mutagenicity of cabaust organics by cither the direct
contribution of mutagens or by supplying the precursors for mutagens created during
the combustion process. The diesel fucl used by Huisingh et al {1978] was negative
when tested directly in the Salmonella bioassay. Lebowitz et al [1979] abso reported
that diesel fuel was negative. The diesel fuel JP-4 and two types of gasoline were
reported negative by Wang et al [1978a.b) when tested with TA9K. Various crude oils
and some of their distiflates. however, were observed as positive in the Ames test
[Brusick and Matheson, 1978a.b]. Positive results, for example. were reported for
somie natural, syncrude, and shale oil crudes (and some of their distitlates) by Calkins
ct al [1980} and Calkins and Krahn [1979]. In cach case. however, the naphtha
distillate was negative. Epler et al [1978b} and Guerin et al [1980] demonstrated that
coal-derived petroleum substitutes could provide a tenfold increase in bacterial muta-
genicity over a senilar natural product. They also reported that the petroleum crude
activity was found primarily in the ncutral traction. while significant activity was
found in both the neutral and basic fractions of derived fucls. For the neutral fraction.
Guerin ¢t al [1980] demonstrated that aromatic amines were the predominant muta-
gehic constituent,

In contrast to the above studies. when Henderson et al J1981] separated dicsel
fuel into an aromatic and an aliphatic fraction. they found both fractions mutagenic
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using strain TA100. These varying reports may indicate vast differences between
sources of diesel fucl and bioassay techniques employed. A !urlhv.r possible variable
is the presence of minor components not detected uniess fractionated components of
the fuel arc used for testing. In addition. Henderson et al 11982) noted that exposure
to nitrogen dioxide (NO,) drumatically increased the response of both fraétions. This
finding is supported by the work of Pitts {1979}, who exposed an indirect-acting
mutagen, benzo(a)pyrene, to NO» and generated a direct-acting derivative. Such a
correlation was not unexpected. since some nitrous acid also could have been present
during these exposure conditions. The precursor effect of the fuel appears 10 have

~ been demonstrated by Huisingh ctal [1978]. Upon testing the eftects of seven difterent
fucls in two different vehicles, they found a wide range of mutagenic activity i the
cmission organics. The results of McClellan [1980b] are similar, also suggesting that
fucls high in aromatic content produce a more notable mutagenic response. Although
results support the hypothesis that fucls mainly supply precursor material for the
mutagens in exhaust emisstons, more research would be needed to rule out any nwnr
concentrating dlul

The Fuel’'s Oxidant and Diluent

The oxidant for both spark-ignited (gasoline; engines Jnd compression- sLnltcd
(dicsel) engines is. of course, oxygen. Nitrogen. which compuoses approximately
78% of the stmosphere, is the most common dituent. Water vapor, other ingrt gases,
and some organic ash are the other diluents present. At high temperature, some
inert nitrogen enters into the combustion reaction, and nitrogen oxides ire produced.
In addition, excess oxygen, lubricating oils, and/or fuel behave as diluents. (For an
intraduction to combustion and emission chemistry, see the text by Edwards [1977].)
As will be shown in a later section, nitrited and oxygenated components of incom-
plete combustion contribute to the mutagenicity of emission products. Crankcase oils
have also been investigated for possible mutagenic activity. Wang et al {19784,
Hermann et al [1980]. and Lofroth [1981] each reported that unused crankease oils
are nonmutagenic, but that used crankease oils from gasoline cngines give & positive
response. In addinon, Lofroth ({981 ] stated that (13 metabolic activation increased
any mutigenic response seen: (2) the response increased with vehicle mileage: and
(33 this positive response was not seen with used oil recovered from a dwscl cnigine.

Type and Degree.of COmbustion

Within mobile sources, the type of combustion depends upon the type of power
source that is used. In the United States, the most common power train for light-duty
vehicles is the typical spark-ignited gasoline engine. Diesels, which are reciprocat-
INZ-COMPrESSIon ignition engines. are most often the power source fur heavy-duty
trucks. buses. locomotives, and vessels. Other engines that have shown some utility
or are undergoing turther research are: gas trvine and Wankel internal-combustion,
Rankins and Stirling cycle external-combustion, and clectric.

The effect of type and degree of combustion on mutagenicity is examined by
comparing the results from different power sources and/or vehicles. Although a few
authors did not describe the engine or vehicle used in their research, most gave at
least a limited description. Huisingh et al [1978] employed two heavy-duty engines
and three light-duty engines. Although direct comparison of differing sources wis
not the primary purpose of that rescarch, it provided a mobile source comparisen
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based on bacterial mutagenicity. Particlc exhaust organics from heavy-duty engines
were tested in TA98. TA1535. TA100, TA1537, and TA1538, both with and without
exogenous activation. Both engines showed very similar qualitative results, with the
four positive strains having decreasing activity in the order TAI00 > TA98 >
TAI1538 > TAI1537. Without activation, TA1535 was negative with samples from
both engines: however. with activation, onc engine (Caterpillar 3208, four-stroke V-
8) produced a marginally positive response. Given the sample amounts available,
exhaust organics from the three light-duty engines were tested using only strain
TA1538. In this study. in which fuel comparison was a primary component, results
for even a single vehicle (using different fuels) could vary greater than 100 times.
Qualitatively, the results from other studies [Claxton, 1980, 1981a; Claxton and
Kohan, 1981; Lafroth. 1981; Dukovitch et al, 1981; Dietzman et al, 1981] are in
agreement with the report of Huisingh ct al [1978]. )

The results of Claxton and Kohan [1981] demonstrating the effects of three
differcnt sample parameters are given in Table 1. The three comparisons were made
between (1) diffcrent runs with the same diesel engine; (2) gasoline vehicles of the
same make, modcl. and configuration: and (3) different makes of diesel vehicle, The
coetficients of variation for the revertants per mile for these three cases were 0.11,
+0.49, and 0.59. respectively.  Assuming normal distribution and that the coefficient
" of variation was, in this case. a good estimation of the true standard deviation. on¢
~can estimate confidence limits in all three cases. For the above three cases, a value

could fall within 997% confidence limit values and vary by 33%. 147%, and 177%,
respectively. If multiple testing facilities, fucls, and bioassay laboratorics were used.
the variation between results would be expected to increase. Because the Ames assay
is a semiquantitative test tor screening substances over a dynamic range of ~ 10" in a
dose-response stope and because other parameters (such as percent of the particles
extractable) show broad variation. the variation encountered here for a complex

TABLE 1. Comparison of Summary Data Demonstrating the Effect of Differing Sampling
Parameters )

Slope®
rev/ % Rev x
plate/ Extrac- 10* PER® Rev x
n table g particle g/mi 10 mi
Diffcrent runs within same automobile (dicsel)
Mean .68 1.8 4.35 0.524 2.27
Sandard deviation : 0.42 1.0 0.64 0.037 0.26
Coctlicient of variation 0. 0.09 0.15 0.07 0.1
Vehicles of same make. nundel, and configuration (gasotine) :
Mcan 7.03 7.52 6 0.0102 6.032
Standard deviation 3.51 71.83 AR .Y 0.0048 0.016
Coctficient of variation 0.50 L4 0.28 047 0.49
Diftcrent diesel vehicles :
Mecan 1.98 36.6 6.96 0.687 4.38
Standard deviation 0.80 " 180 406 - 0.256 - 259
Cocfficient of varistion 0.41 0.49 R 0.37 . 0.59

*Slopc of lincar regression kine.
"Particle emission rate.
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testing situation should not be considered excessive. Together, these studics indicate
the degree to which quantitative comparisons can be made within a single study ‘and
show that cautious quafitative comparisons can be made using results from muhtipic
studies.

Ambient Environmental Conditions

Ambient conditions arc known to affect the condensation of organic compounds
onto particles. influence the interuction of organic compounds, alter the organic
species emitted by a source, and provide the conditions for various other interactions
[Pitts et al, 1982a]. Dilution-tunnel-experiments examining the effect of crankcase oil
temperatures upon test results were reported by Braddock [1981). After the vehicles
were maintained overnight at various ambient temperatures (ranging from 23°F to
82°F). the vehicles were tested at ambicnt temperatures. For the soluble organic
fraction, a mild correfation betv2en mutagenic activity and conditioning temperature
was noted: however, this correlation did not exist for comparisons on a reverant per
mile basis. Only a few investigators have explored ambicent effects. Claxton and
Barnes {1981] used the Calspan smog chamber to examine a variety of ambient
factors. They found that the presence of ozone in the chamber tended to reduce the
mutagenic response to the organic material collected. Those results also showed that
ambicnt like trradiation without other mitigating factors such as ozone did not alter
the mutagenic response.

Ohnishi et al | 1980] examined road side particles collected in a highway tunnel.
They found a 60- to 88-revertants/m® response for panticles collected during daytime
hours and tested with TA100 in the presence of an activating system. In the same
study. particles collected at night with a high density of diesel tratfic exhibited 121 1o
238 revernants/m®. Alfheim and Moller {1981} found that the contribution of traffic
to the mutagenicity of air samplers is significant by comparing samples from a
roadside site. on a roof. and at a park. In an Allegheny tunncl study”conducted by
Pierson et al [1982], the diesel acrosal organics were similar in activity to organics
recovered in dilution tunnel studies. Furthermore, it was shown that the mutageni-ity
of diesel engine cxhaust is several times thut of gasoline engine cxhaust whyn -
expressed as revertants per mile. Studies such as these demonstrate that the produc-
tion. chemical alte aation, distribution, and concentration of mutagenic mobile source
particles are dependent upon traftic patterns. amounts of reactive gases and vapors,
level of ozone present. meteorological Londumns and the presence or absence of
other ambicnt air particies.

Etfect of Sample (:ollecuon Upon the Mutageniclty of Mobite Source
Emissions

The influence of particle collection methods upon the chemical composition and
biological activity of diesel-particle extracts was investigated by Chan et al [1981].
They noted that filter sampling altowed potential chemical conversion »f organic
compounds by the nitrogen oxides in the exhaust gases, whereas clectrostatic precip-
itation (£SP) collection metheds provided for ozone generation and interaction it the
time of collection. In their experimental results, they found 11% extractable organics
for the ESP sample and 6.2% for the fitter collected sample. The chemical profiles
for the two collection methods were similar except that the ESP sample contained
greater amounts of an acid salt fraction. Although the overall biological activity of
the ESP and filter samples was comparable, subtle but consistent differences sug-
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gested that ditferent direct-acting mutagens could be found in the two sample types.
As seen from the studies of Chan et al [1981], the most serious obstacle in colicction
mcthodology is the generation of artifacts. ie, the generation of substances that do not
exist in the natural situation or the elimination of substances that would normally
exist. A number of investigators [Claxton, 1980: Claxton and Kohan, 1981; Lifroth,
1981; Gibson ct al, 1980: Pcderson and Siak, 1980, 1981a.b} have demonstrated that
mutagenic nitroarenes are contained in organic extracts of filter-collected particles.
However. since diesel and gasoline also emit varying levels of nitrogen oxides that
pass across the filters and collected particles. these nitroarenes may be antifacts. They
may be produced under three possible circumstances: (1) the combustion process: (2) -
the exhaust process. as organics interact and condense upon the particles; or (3) the.
collection process as an anitact. The puassage of nitrogen oxides across a PAH
compound upon a tilter can generate a nitroarene [nitrogen dioxide (NO»)-PAH] that
is direct-acting in the Ames bacterial assay [Pitts, 1979).

Henderson et al {1981]) gencrated direct-acting mutagens for strain TA100 by
exposing I-g samples of fuel aromatics and fucl aliphatics 0 excess NO»-at 25°C,
The aromatic NO- fraction was the most active and nitro-PAH compounds were
identificd in this fraction. In some preliminary experiments, Bradow [1980] and
laxton [ 1980] reported passing artificial gas streams containing high levels of NO»'
across filters with diesel panticles and observing increased mutagenic activity of the
extracted organics. Gibson et al [1980] reexposed filter-collected diesel particles to
the gas-phase portion of similar diesel emissions and found increased levels of 1-
nitropyrene, nitrobenzo(a)pyrene, und mutagenic activity. Afthough the issue of the
extent and relevance of artitacts has not been fully resolved. bacterial testing has
paved the way in identifying and providing methods for examining the problems,

Since sample collection must occur during some type of test cycle (running test
maodes of the vehicle or engine), the tost cycle may atfect the generation. transfor-
mation, condensation. and collection of emitted particles and organics. Only a few
rescarchers have published any direct comparison of test cycles. When reporting
data as revertants per microgram of organic material, Gabele et al [1981) found no
great difterences between six ditferent test cycles. Gibbs et al {1980) examined five
different cycles with six different automobiles. When expressing the data as rever-
tants per gram of particulates, they found “widely divergent™ results: however, when
cxpressing the data as revertants per mile, “cycle-to-cyele™ trends were more
pronounced and reproducible. For cycles ranked by revertants per nule, activity
decreased in the order Federal Testing Procedure (FTP) > Congested Freeway
Driving Schedule (CFDS) > Highway Fuel Economy Test (HFET) > 50-Mile-un-
Hour Cruise Procedure (50C), and a general reduction in revertants per mile was
found as the milcage of the vehicle increased. Upon close examination of the data of
Gibbs ct al [1980]. it was noted that very low-mileage cars (< 4.000 miles)
demonstrated a greatly enhanced mutagenic response for all cycles except idle.
McCleltan F1980b]) examined four test cycies using a single automobile and reported
that the cycles with lower speeds and more stops”and starts resulted in higher
mutagenic activity. ' :

INTEGRATION OF PHYS!OCHEMlCAL INFORMATION AND PROCEDURES
WITH BACTERIAL BIOASSAY PROCEDURES

4

A rteview of the literature prior 10 1979 provided a list of 184 chemicals
identitied as being in dicsel exhaust {Claaton, 1982}, Of these 184 compounds, 44 -



616 Claxton | ‘ .

wcre listed in published mutagenicity reports and 21 were acceptable positives in one
or more mutagenicity assays. Seven of the 184 were reported as carcinogens. Since
1979, more research activity has been devoted to bioassay-directed fractionation than
to the pairing of chemical and biological literature reports. For showing the mutagenic
response of different chemical fractions from the vrganic emissions of a diesel engine,
an organic extract from emission particles of two heavy-duty engines was initially
used |Huisingh et al, 1978]. The two most active fractions, the transitional and the
oxygenate, were cluted from a silica gel column after dichloromethane (DCM) -
extraction from the exhaust particles. Choudhury and Doudney [1981] fractionated
organic emission into threc primary fractions—acid, basic, and necutral—and subse-
quently fractionated the neutral fraction into seven subfractions. All three major
fractions and five of the seven subfractions showed some type of mutagenic activity.
The paraffinic subfraction was negative.

Upon examining emissions from both a diesel and a gasoline vehicle, Lofroth
[1981] noted that the aromatic and an oxygenate fraction were the most mutagenic.
McClellan's work [1980a]. using a Fiat under varying conditions, showed that upon
Sephadex fractionation three of five fractions were mutagenic to bacteria. The classes
of compounds reported as contributing to the mutagenicity of these fractions were
alkyl-substitutedd PAH compounds and oxygenated PAH. Ohnishi et al [1980] investi-
gated the fracuonated emissions of two heavy-duty vehicles and onc small diesel and
found the fractions to be positive. Rappaport et al | 1980] studied 16 liquid chromatog-
raphy fractions of organic emissions from a Cummins turbodiescl engine and postu-
fated that pyrene-3.4-dicarboxylic acid anhydride and similar compounds accounted
for u sizcable portion of the mutagenic activity. .

In-summarizing their fractionation study with emission organics from a GM
5. 7-liter dicsel engine, Siak et al [1979] stated that “more than 90% of the biologicul
activity was accounted for in the neutral-nonpotar I, neutral polar. weak and strong
acid fractions.™ Using nitroreductase-deficient strains of the Salmonclla tester strains,
Claxton {1980a] und Lofroth [1981] demonstrated the presence of nitroarencs in diesel
cxhaust organics. Pederson and Siak [1981a.b), using normal-phase and reverse-

- phase thin layer chronutography. showed that monosubstituted nitro-PAH ¢ompounds
were present in diesel exhaust extracts. A pumber of investigators have reported the
isolation and identification of these potentially mutagenic nitro-PAH compounds. Xu
ct al [1982b] reported the tentative identitication of more than: 50 nitro-PAHs in an
extract of diesel exhaust particles. Schuetzle et al [1982] reported the analytical
methods and identification of specific nitro-PAHS associated with diesel particles. The
report of Pitts et al [1982b] provided the quantitative level and bacterial mutagenicity
of 3 nitro-PAHSs |nitropyrenc, 9-nitroarthracene, and 6-nitrobenzo(a)pyrene] and SH-
phenanthro (4.5-a.b.d)pyran-5-one for an exhaust particle extract from a six-cylinder.
light-duty dicsel engine. Yergey et al {1982} employed a unigue and highly controlled
madel system in attemipting to identify mutagens arising from diesel combustion. To
simplify the combustion process. they used a single cylinder diesel engine, a defined
fuel (1:1 volume ratio of n-tetradecance and 2.2.4 trimcethylpentane), a synthetic’
ashless lubricating oil (polyalkylene glycol), and. for some experiments, an argon/
oxygen oxidunt system. Their results indicate two uscful observations: (1) Nitropy-
renc was isolated and identitied in cach of the air oxidant samples and onc of the
argon/oxygen oxidant samples; and (2) the compounds observed are similar to those
identificd by investigators using typical diesel fuels. (Note that the nitropyrene
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associated with the argon/oxygen sample .was observed when the experiment was
conducted with a cracked piston ring allowing entry of nitrogen-containing air to the
coamber.) These results suggest that the formation of nitroarenes is not dependent
upon fucl-bound or tubricant-bound nitrogen and that some of the PAH compounds
are products of the combustion precess.

At EPA’s 1981 Dicscl Emissions Symposium, Raleigh, NC, several investiga-
tors provided lists of compounds recently identificd in diesel exhaust. Since a listing
of these results may not be readily available, a compilation of the compounds is
given in Table II. Table I also provides a summary of the bacterial mutagenicity
assoctited with the compounds tested and reported. It is interesting to note that in
bioassay-directed fractionation, very- few investigators used the indicator strains
TA1535 and TA1538; theretore, some mutagens that cause base pair substitution and
that nced activanion to be frameshift mutagens could be overlooked. In any event,
bioassay-directed fractionation has aided in the identification of several mutdg,cns
that previously have not been rcwgmnd in mobile source emissions.

USE AND EFFECT OF VARIOUS BIOLQOGICAL AND ASSAY PROCEDURES

‘Since initial testing involved organic chemicals extracted from particles with
strong organic sotvents, researchers questioned whether chemicals bound to carbon-
accous particles would be released into physiological fluids in vivo. McGrath et al
[1978]. using the Ames bioassay, tested whole particles suspended in dimethylsulf-
axide (DMSO) and obtained results ranging from negative to moderately positive.
However, DMSO is a moderately effective solvent. Siak et al [1981) reported
extracting particles with four simuiated biological fluids: fetal calf serum. 0.5%
bovine serum albumin. lung surfactant, and saline. The assay of cach biological Nuid
in the Ames test was negative except 1or a positive response with the fetal calf serum.
The fetal calt serum extract provided only about 6% of the response found with
extraction by DCM. Brooks et al | 1980] found similar results with dog scrum. lung
lavage fluid. saline, dipalmitoyl lecithin, and albumin. However, they state that “the
minimal mutagenic activity . . . may be due to a lack of removal of mutagens from
the particles or an inactivation of removed mutagens by binding or some other
process.” Clark and Vigil {1980 tested a DCM dicsel extract under the following
conditions: Aroclor 1254-induced rat liver 89, an uninduced $9Y. an §9 without
nicotinamide adenine dinucleotide (NAD), bovine scrum albumin, and fetal culf
serum. They tound a decreased mutagenic response in cach case. That result suggests
that protein binding of mutagenic components .was at least partially responsible for
the Tack of uctivity seen with incubated partictes. By following the mutagenic activity
of thc DCM extructs in seruns,-lung cytosol, protease-treated serum, protease-treated
lung cytosol. and cextracted particles, King et al [1981] demonstrated the release of
mutagens from diescl particles and postulated that the Tack of mutagenic response is
duc to cither protein binding or metabolism. Siak and Strom | 1981] exposed rats to
diesel particles, recovered the lung macrophages, and extracted the macrophages
with DCM. They showed that although the particies continued to contain mutagens,
“seven days atter exposure, DCM extracts of alveolar macrophages had no detectable
mutagenic activity, even though more diesel particles were recovered.™ These effects
may be duc to either protein binding or metabolism. Wang and Wei {1981] and Wang
ct al 1981} gave evidence that the antimutagenic cffect of S9 is not enzymatic by



TABLE 1. Salmonella Mutagenicity Results for Compounds Identified in Diesel Exhaust Emissions and Presented at the EPA’s
1981 Diesel Emissions Sympesium, Raleigh, NC

Reference for diesel Bivassay
No. Compound CAS No. identitication Bivassay reference® result®
1. Acenaphthalene 34493-60-2 Yergey et al {1981} Kaden ¢t al [1979] + (8-A2)
Riley ot ol [1982]
2 Acenaphthalene, nitro — Riley ~1 al 1982) - -
Xu et al {1982
3. Accnaphthalene, — Riley et al {1982} - -
nitromethyl -
4. Anthracenc 102-12-7 Prater and Schuctzle 11982 Anderson and Styles [1978] Neg
Yergey et al [1981] Epler et al [1978a, 1979] Neg
Florin ¢t al [ 1980} Neg
Gibson ct al [1978) Neg
Lavoie ct al [ 1979] Neg
Probat and Hill | 1980} Neg
_ : Salamone ¢t al [1979] Neg
5, Anthracenc, methyl - Prater and Schuctzle {1982) - -
2-methyl 613-12-7 - Gibson ct al [1978} Neg
9-nicthyl 779-02-2 — Kaden et a) 11979) + (B-Az)
‘ — Epler et al [1978a) ?
- Gibson et al {1978] Neg
- - Kaden et al 1979 + (8-A7)
6. Anthracene, dimethyl 29063-00-1 Prater and Schuctzie 11982 Hubbard ot af [ 1981 +
7. Anthracene. trimethyl 27358-28-7 Prater and Scheutzle [1982) - -
8. Anthracene. tetramethyl -— Prater and Schucizie 1982} -— —
9. Anthracene, nitro — Riley ct al [1982} — -
Xu et al |1982a]
G-nitro 602-60-8 —_ Ho et al [1981}] +
Matsushita | 1980] +
Pederson and  Siak (1980, +
1981a] +
Tokiwa ¢t al [1981)
2-nitro - — Claxton and Kohan | 1981) +
10 Anthracene. aitromethyl — Riley et al {1982] - -
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11,
12,

4. -

I5.
16.-

17.

19.
20.
21,
22,
23.

Anthracene, nitrodimethyl
Anthracenc.
carboxyaldehyde

. Anthracene,

carboxyaldehyde,
nitromethyl
Anthracene, benz(a)

Anthracenc, dione, benz
9, 10-anthraquinone

Anthraquinone, nitro
1-nitro
Anthrone

Anthrone, nitro
Anthronc, methyl
Anthrone, dimethyl
Amhrone. trimethyl
Benzo(a)pyrene

56-55-3

84-65-1

Riley et al [1982)
Prater and Schuctzle [1982)

Riley et al [1982]
Prater and Schucizle {1982}

Prater and Schucizle [1982)
Erickson et al [1982)

Xu et al {1982a]

Prater and Schuetzic [1982]
Erickson et al {1982]

Riley et al {1982

Prater and Schuetzie |1982]
Prater and Schucizie (1982
Prater and Schuctzic 11982
Prater and Schuewzie 11982

de Flora [1981])

Glatt et al [1981)

Probst ¢t al {1981
Anderson and Styles {1978]
Brown ct al [1977]
Gibson et al {1978}

Kaden et al [1979]
Salamonc ct al [1979]
Matsushita [1980]
Anderson and Styles [1978]
Brown ¢t al }1977)

Gibson et al [1978}

Kaden et al {1979]

Epler ¢t ai [19784)

Florin et al [1980j
Pederson and Siak [1981a}
Lavoic ct al [1979)

Pius ct al {1978}

- Pis {1979]

Salamone et al [1979]

R

Continued
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TABLE 11 Salmonella Mutagenicity Results for Compounds Identified in Diesel Exhaust Emissions and Presented at the EPA’s
1981 Diesel Emissions Svmpasium, Raleigh, NC (Continued)

- . Reference for diescl Bioussay
No. Compound CAS No. ideatification* Bivassay reference® result®
4. Benzofu)pyrene, nitro - Rifey et al [1982] - -
I-nitro - - Pitts (1979} +
3-nitro - - Pitts {1979] +
6-nitro 63041-90-7 —_ Pitts ¢t al [1978] +
. Tokiwa et al [1981] +
. Wei et af {1978]
2s. Benzo(e)pyrene, nitra - Rilcy ¢t al |1982) - -
26, Biphenyl 92-52-4 Yergey of al 1981 Anderson and Styles [1978] Neg
Bronzetti 1 af [1981) Nep
Epler ot ol [19784] Neg
Kawachi ¢t al {1980} Neg
Probat and Hill {1950] Neg
 Probst ¢t al {1981) Neg
27. 8iphenyl. nitro — Riley ct al [1982] - -
: Xu ot al [19824)
2-nitro $6-00-0 - Anderson and Sty les [1978) +
Eb-Bayoumy ct al [1981] +
Matsushita [ 1980} Neg
McMahon ot al [1979] Neg
Probat and Hill {i980] Neg
Tohiwa ot al {1981] +
J-nivre 2013-5%-8 - El-Bayoumy et af {1981] +
Muatsushita 19X Neg
MoeMahan ot al (1979 Neg
4-nitro 92-93.3 - Andeeson and Styles [1978] +
- Bayounty of al 11981} +
Matsushita {19%(H +
MueMahon et al [1979] +
Probwt and Hill 11980] +
Probst et ab {1981 +

079
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29,
0.
3L

32,
.,
M

3s.
Jo.

37

39,

Biphenyl, nitromethyl

2-methyl-3-nitro
3-methyl-4-nitro
Biphenyl, dinitramethyt

“ Biphenylene

Chrysene

Chrysene, nitomethyl -
Cinnoline, bensate)
Dibenzoth.dithiophens

Dibenzothiophence, methyl
Dibeazathiophene,
dimethyf
Dibenzothiophene,
tetramcthyl
Dibenzothiophene,
carboxyualdehyde
Fluoranthene

33350-73-1

69314-47-2

J30-17-1
132-05 0

- 30995-64-3

70028-47-5

206-44-0

Xu et al [1982a}

Riley et i1 [1982)

Henderson et al (1982}
Yergey ct.al [1981]
Yergey ot al (1981

Prater and Schuctzie [1982]

Yergey ot al {1981)
Yergey ot al [1981)
Prater and Schuctzle (1982

Prater and Schuctzle 1982]
Prater and Schucwzic (1982}

Prztcr and Schucizle {1982

- Prater and S¢' ~1zlc [1982]

Riley ctal {48
Yergey of al J1981])

El-Bayoumy et al [1981]
El-Bayoumy et al 11981)
Barfknecht et at {198Lh]
Epler ot al [19782,1979]
Florin et al {1980}
Gibson ct al {1978)
Lavoic ct al [1979),
McCoy and Rosenhranz
| t950]
Salamane ¢t «f {1979)

Kixden ct al {1979]

Nahamwura and Kashimoto

[1979)

Barfknecht ct al {1981a]
Epler et al 11979)

Florin ¢t al {1980}
Gatchouse |1980)

Kaden et al §1979}
Lavoic ct al {1979]

Ruo ¢t at |1976]
Salzmonce ot al {1979]

b+ 41

Neg (8-A7)

. Neg

+ (8-Az)
7

Neg

Neg

+ (8-Az)
-+

Neg

Continued
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- TABLE 11, Salmonetla Mutagenicity Results for Compounds Identified in Dicsel Exhaust Emissions and Presented at the FPA's

198§ Diesel Emissions Symposium, Raleigh, NC {Continued)

Reference for diesel Bioussay
No. Compound CAS No, identification? Bioaway reference® resultt
40, Fluoranthene., meéthyl - Prater and Schucizle {19K2) : - —
1-micthyl JS8K9-60 -5 - Lavoie ¢t al {1979] +
2-methst Ja843-01-6 . Lavoie et al {1979] +
" 3-methyl 1706010 - Lavoic et al [1979) +
T-methy | " 23339.05-1 - Lavoic et al [1979} +
. B-mthyl . J(385-57-8 - Lavoic ot al [1979] +
"4l Fluoranthene, nitromethy! - Riley ot al [1982) - -
42, Fluoranthene, - Yergey ot sl [1981) - -
‘ Guinone. fitro
43, Fluoranthene, 203-12-3 Yergey et al {1981} Lavaice et al [1979] +
benzo (phid . .

4, Fluorene 86-73.7 Yergey et al {1981}) Epler ot al [19784] Neg

Gibson ot al | 19738} Neg

Kawuchi ¢t al 11980] Neg

Lavoic ot al 1981a) Neg

Probst of ol [ 1981 Neg

Probst and Hill [19840] Neg
45, Fluorene, nitro - Xu et al {19823 — -
2-nitro 609-57-8 — Anderson and Styles [1978) +
" McCoy ot al {1981] o+
Pederson and Siak [1981:] +
Probst and Hill J1980] . +
Tohiwa ot al 1981} +
46. Fluorene, dinitro - Xu ¢t al {19824] — -
2.5-dinitro 15110-74-4 - Matsushita {1980] +
2. 7-dinitro 5408-53-8. — levin et al [1979] +
Matsashita {1930} +
McCoy et af {1981) +
Pederson and Sizk {19813} +
" Probst and Hill 11980) +
Tokiwi ot al | 1981} +

709
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47
48.
49.

S0,
51

s2.
L X}
S4.
5.

57.

9.

Fluorene, aiteomethyl
Fluorene, guinone
Fluorcnone

Fluorenone, benzae
Fluorenone, nitros)

I-niro
2. 7-dinntro

Fluorenone, nitromethyl
Furan, dibenro

Fuean, 7-methyt benso
Indénc. nitro
Indenc-1-one, dihy dro
Nuphthalene

Nuphshalene,
dinitromethy |
Napthalene,
nittomethyl
I-nitree-2.micthyl
t-methyl-2-nitro
Y-enethy - 2-nitro
Naphthalene,
nitrodihydroxy
Nauphthalene,

_ nitrotrimethy]

Naphthalene
dicarboxaylic avid, nitro
Naphthaguinone, nitro

386-25-9

T76723-00-9

42135.22-8
JISIE-48-8

132-64-9
TTU89-82.8

—

91-20-1

B8I-03-8
63017-87-8

© Xu et al [19824)

Yergey ot af [1981]
Erichson ot af [19821

Prater and Schucizle [1982]

Ruduey ¢t al J19K2]
Riley eral [19X2)
Xu et al [1952a]

Riley o1 al [1982]
Yerpey ¢t al J19K1}
Yergey et al [198Y
Xu et ) [ 19B24]
Yergey et of [1981)
Yergey of af [1981]

Henderson o al 11982

Henderson ot al 11932
Xu et al [19824]

Riley et al {1982}

Riley et a1 {1982}

Riley c1 af {1982)

Riley ct ab [1982}

-

Florin et al [1980]

Pederson and Siak {19812
Levin ot al [1979)
Probst and Hill 1980}

Anderson and Stvles {1978)

Florin ct al {1980]
Ho et af {19814

Kaden et al {1979}
Epler of al (1979

El-Bayoumy ct al {i98]}
Mutsushita {1980}

El-Bayoumy et al {1981)
El-Bayoumy ct al |1981]

—

Continucd
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TABLE 11. Salmonelis Mutagenicity Results for Compounds Edentified in Diesel Exhand Emiwions and Preventcd at the EPA™

1981 Dicsed Emissions Symposium, Raligh, NC (Continued)

._VQ._ L -(:umpnund o . '(":\S..\’n._v

o4, Phenanthrene .BEGL-X
6s. Phenantirene, nitro ’ -
66. Phenanthrene, methyl ’ -
l-methy ) £12-8-9
-muthy! 2581-84-2
Ymcthy | 80-71.}
4-methyl Ri2-6d-4
9-methyl BX1.20-5
67. Phenanthrene-5-one, -
cyclopenta
68. Phenanthrene, quinone -
64, Phenanthione -
70. Phenanthrene. methy) -
7. Phenanthrone, nitro -
72. Perylene 198-55-0

- e

Reterence for diesed
whentificanon

Poastei amd Schuctsde [1YR2]
Yergey etal [1981]

Henderson o1 af [1982]
Riley ot al [i9K2}
Henderson ot al 1482
Prater and Schuctslc [19R2)
Riiey ot al [19K2]

—_—

Yergey ot af {1981)

Yerpey et at [168])
Erickson ¢t al {19K2]

Prater and Schuctsle 11982
Prater amd Schoctsde (1YR2]
Riley ot al {1982}

Prater and Schuctsle [19X2)

Bi«mwzy reference”

Barthaccht ot al 1Y)
Epler ot al [19782,1979]
Florin et al | 1980]
Probst and Hill 1880}

Gibwon ot al [1978]
Lavoic cf al | 1981b}
Gibwon et al §1978)
Lavoie ¢t al {19R1b]
Lavoic ot al [I9%1b]
favene ot al {1981b]
Gibwon o1 al 11978}
Lavoie ot al [1981b}

Anderon and Stvies [1978)
Florio ct al [1980]

Ho et al 1930}

Lavaic ot al [1979)
Salamone ot al {1979]

Bioassay
resultt

Neg
Neg

Neg
Nep

Neg

+ 4+ + 4+ |

Neg

n - vena

£39
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Ritey ot al [1982)

- Prater amd Schuetste {1982)

73 Perylene, nitro A - - -
’ Y-nitro J0589-63-3 . Ho ot al {1981} +
' Pitts ot a) [1978) +
Pins {1979] +
74. Pyrene '.9.00-0 Prater and Schuctzte {1982 Epler et al 19784, 1979) +
Yergey et ol (1981 Florin of af {19R0] Nep
- Gibson ot al [1975) Neg
Ho ot al L1981 Neg
Kawachi ¢t al | 1980] 4
Lavoie ctal [1979] Neg
o Probst ad Hill | 1980] Neg
75. Pyrene, cyclopentss 27208-37-3 Yergey ot al 11981} ~Gold and Eisenstady | 1980] +
tc.d)
76. Pyrene. cyclopenteno - Basihnecht 8 al J1URIH} — -
(c.d)
77. - Pvrenc. meihyl — ~Prater and Schuctzle [1982] - -
Yergey ot af {1981}
1-methyl - - Kaden ot 5l [1979) + (R-A7)
8. Pyrene, nitromethyl - Riley et al {1982) - -
Xu et af [1978a]
79. Pytencquinones, nitro - Riley ct al [1982] - -
80. Thioxanthones - Pruter und Schuctsic [1982) - -
£1. Triphenyicnes — Riley o al 11982} Epler ct at 11979] +
’ Yergey ot af [i981] Gibson ¢t al |1978] Neg
K. Nanthones - Erichson ot af J1982) - -

*All references for diesel identification are from Smith [1982).

.

MReferences, resulting from a Environmental Mutagen lnfomulum Center (EMIC) search in September 1982, References are found within
the puper's reference list,
‘Bao.ma) resulls as reported by the authors and -.umnmrmd ax follows: +. poitive: Neg. nepative: 7. questionable or 4 resuliz (8-Az),

* 8-azaguanine forward mutation system used.
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626 Claxton

examining S9, heat-deactivated 89, S9 minus cofuctors, and albumin effects. Some-
what in contrast, Pederson and Siak [ 1981b] used a nitroreductase-deficient baw.rul
strain to show that some mutsgens in diesel particle extracts are activated by $9 and
that 1-nitropyrene is also activated by NAD phosphate-dependent S9 cazymies.

These, studics demonstrate that substances are released from diesel exhaust
particles into certain physiological fluids and cells. Physiological fluids and 89
apparently decrease the mutagenic activity of dicsel extracts and particles primurily
because of protein binding: however, some mutagenic compaonents (cg. L-nitropyrene)
are activated by the microsomal fraction of $9, while other components are activ .m.d
by the eviosal fraction,

In addition 9 the above concerns of scicatists regarding biological parameters,
investigators have questioned whether the Sulmonella bioassay corrchaes well cnough
with other bioassays to use as a routine screen. This knowledge would be useful in
the development of new combustion and control technologies, Lewtas showed in her
review [1981] that when no exogenous activation System was used. the Salmonella
bioassay duta had a greater than 90% degree of correlation with the following assay
data; mouse lymphoma, sister chromatid exchange in Chinese hamster ovary cells,
viral enhancement, and skin tumorigenesis. When exogenous activation was used.
however, the correlation with viral enhapcement and skin tumorigenicity data was
79% and 72% (respectively). It will be interesting to see whether these high correla-
tions are nunntained, as the body of data and information grows.,

SUMMARY

In summary, the work presented demonstrates that rapid. in vitro indicators of
genotoxicity continue to play a valuable role in our understanding of the toxicity of
mobile source emissions. Bacterial assays have had tremendous importance in the
characterization of mobile source emissions, Specitically they have had four major
uses: (1) ¢ nmp.:muu screening, (2) analyzing factors that alter the genotoxicants
tound in cmission products, (3) dirccting the chemical fractionation of emission
organics for the identification of specific genotoxicants. and (4) analyzing the inter-
action of complex emission products with various mammalian systems.
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