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Environmental Mutagenic Hazards

Mutagenicity screening is now both feasible and

necessary for chemicals entering the environment.

It has become increasingly clear in
recent years that man is environmental-
ly exposed to a wide variety of chemi-
cals, some of which are mutagens
(agents that induce mutations). The
possibility therefore exists that human
beings may be exposed, now or in the
near future, to chemicals with individu-
ally or collectively powerful mutagenic
effects. We describe here the ways in
which environmental mutagens may be
detected, possible methods of estimat-
ing the resulting adverse effects on hu-
man health, and regulatory principles
that bear on the problem of preventing
environmental mutagenesis.

Mutation consists of abrupt heritable
changes in the composition or arrange-
ment of genes, which are composed of
deoxyribonucleic acid (DNA). Most mu-
tations producing effects large enough
to be observed are deleterious, although
other mutations may produce effects of
little or no consequence, and certain
rare mutations may even be advanta-
geous. The magnitudes of spontaneous
mutation rates, the way selection acts
on various gene combinations, and the
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size and structure of human popula-
tions are sufficient to maintain a rich
source of genetic variability. An arti-
ficially increased mutation rate, how-
ever, is potentially capable of producing
‘a general decline in genetic health un-
less balanced by increased selection
against deleterious mutant genes; while
such selection occurs extensively in
most natural populations, the efficacy
of modern medicine may increasingly
tend to reduce selection against deleteri-
ous traits in many human populations.

Many geneticists believe that man’s
genes constitute his most precious heri-
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tage, and that a deterioration in gene
quality can result in a corresponding
decrease in the quality of life. Steady
progress in the control of infectious
diseases, lengthening human life spans,
and improved procedures for identifying
genetic disorders have revealed an im-
portant residue of genetic disease in
human populations. An impressive pro-
portion of hospital admittances, for
instance, are now recognized as reflect-
ing genetic disabilities (). The prospects
for directly curing the resulting genetic
diseases, in contrast to merely alleviat-
ing their symptoms, are poor, and are
not likely to improve in the near future.
Furthermore, the wide variety of mech-
anisms by which radiations and chemi-
cals induce mutations (2) make it very
unlikely that generalized schemes can
be devised to protect against mutagens,
except by avoiding them in the first
place.

Considerations such as these have
recently led geneticists throughout the
world to seek test systems capable of
detecting environmental mutagens. A
number of reports about the environ-
mental mutagenesis problem have al-
ready appeared (3, 4), and a special sec-
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tion of the journal Mutation Research
(5) has been reserved for papers bear-
ing on the subject. Chemical mutagens
and their detection have been the sub-
ject of several books (6), and an im-
portant information retrieval service is
now available (7). A number of muta-
genicity tests are available with the re-
sult that some scientific basis already
exists for determining what chemical
compounds are mutagenic, and for de-
ciding how to limit man’s exposure to
mutagenically active compounds. This
article describes some of these muta-
genicity test systems, the significance
of data obtained from them, and some
ways in which these data can be applied
to the protection of human populations.

Screening Systems

for Environmental Mutagens

By the time that the effects of an
increased human mutation rate become
manifest, genetic damage will already
have occurred. Furthermore, it is quite
possible for substantial environmentally
induced genetic damage to go forever
undetected, since many deleterious mu-
tations are already present in the human
gene pool, and since the same kinds of
abnormalities sometimes occur for
other, nonmutational reasons. Since
there may often be no way to identify
environmental mutagenesis as the spe-
cific cause of observed abnormalities,
it is crucial to identify potential muta-
gens before they can induce genetic
damage in the population at large:
sensitive and reliable test systems are
needed which can be used to screen
large numbers of potential mutagens.
Since trace chemicals that have passed
imperfect screening systems might still
produce weak but cumulatively impor-
tant mutagenic effects, it is also impor-
tant to develop efficient methods for
monitoring human populations for ab-
normalities likely to have arisen by
mutation.

Mutations can arise in both somatic
and germ line cells. Somatic mutation,
and its probably close correlate, carci-
nogenesis, are already recognized as
immediate toxicological problems. In
this article, however, our primary con-
cern is with the genetic health of future
generations, and we therefore focus
upon germ line mutations. For our
purposes, the greatest significance of
somatic mutation will be its use as a
monitoring device. We will consider
first the desirable characteristics of an
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ideal set of screening systems, and next
the capabilities of the currently avail-
able systems, together with the kinds
of additional information that will be
needed to apply the results obtained
from screening programs.

Characteristics of the

Ideal Screening System

Sensitivity and reproducibility. The
sensitivity of a test system must be
sufficient to detect with ease and sta-
tistical accuracy a small mutational
effect. A small effect for our purposes
consists of one that would produce even
a small increase over the spontaneous
human mutation rate, whether in par-
ticular individuals or in the population
at large. Very large concentrations of
chemicals, much larger than those to
which human beings are likely to be
exposed, can be tested in most experi-
mental systems. Furthermore, with the
exception of mammalian specific locus
and dominant lethal tests, most screen-
ing systems employ large numbers of
organisms. Sensitivity therefore need
not often be a limiting factor in muta-
gen screening (except in the intact
mammal, where the number of animals
involved is always relatively small).

Reproducibility is a more demanding
criterion. High levels of reproducibility
must be demonstrated both within any
given laboratory and among different
laboratories. This can be achieved only
by adopting standardized protocols and
by training those conducting the tests
to high levels of technical competence.
Reproducibility is also desirable in the
form of similarity of response among
different test systems, which permits a
more confident interpretation of posi-
tive or negative screening data. Because
of metabolic factors, however, and also
perhaps because of differences in the
composition of prokaryotic and eukary-
otic chromosomes, different test systems
frequently do not yield uniformly posi-
tive or negative responses.

Detecting the whole mutagenic spec-
trum. With the exception of certain
viruses, the genetic material of all or-
ganisms consists of DNA, often com-
plexed with ribonucleic acid (RNA)
and proteins. It is becoming increasing-
ly clear that the basic types of muta-
tions occur ubiquitously (2). In prin-
ciple, therefore, mutagenicity can be
scored in any organism. The significance
of a mutational response is greatly
enhanced, however, in those organisms

whose genetics have been most exten-
sively studied; it is important, for in-
stance, to possess sufficient background
information to determine whether a
mutational response represents all or
only certain possible types of genetic
alterations.

Being an error process, mutation
consists of all possible changes in the
genetic material (excluding recombina-
tion and segregation). Furthermore, the
severity of any given mutation depends
both upon the importance of the af-
fected gene or genes and upon the
nature of the mutational lesion itself.
Eventually, therefore, suitable test sys-
tems must readily detect all classes of
mutations, including those with rela-
tively minor effects upon gene function.
The kinds of mutations that require
detection, although not necessarily si-
multaneously in the same system, con-
sist of the following:

1) Changes in chromosome number.
Changes in chromosome number com-
monly result in drastic gene imbalance,
and are likely to be lethal early in
development. The most common viable
changes are monosomy and trisomy.

2) Changes resulting from chromo-
some breaks. These consist of deletions,
duplications, inversions, and transloca-
tions. Small deletions in homozygous
condition and large deletions in heter-
ozygous condition are likely to be high-
ly deleterious and to produce early
lethality, whereas many of the other
types may allow development but pro-
duce genetic disease in the affected
individual. Rearrangements (inversions
and translocations) can be detected
cytologically so long as they involve
fairly large proportions of chromo-
somes; they can also be detected by
changed linkage relationships in suit-
able organisms. Chromosome breaks
per se can also be detected. Many chro-
mosome breaks are repaired, however,
or lead to the death of the afflicted
germ line cell without further deleteri-
ous consequences: there is as yet no
evidence that clearly demonstrates that
breaks themselves constitute heritable
mutations. While we do not believe that
the induction of breaks alone is a valid
index of heritable genetic damage, the
appearance of breaks should be inter-
preted as a warning signal, since it is
likely that concomitant chromosomal
rearrangements would frequently be
detected if screening were sufficiently
extended.

3) Single gene mutations. These con-
sist of base pair substitutions and of
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additions or deletions of base pairs.
Base pair addition and deletion muta-
tions usually inactivate the affected gene
completely, so that their severity de-
pends upon the nature of the target
gene itself. Most base pair substitutions,
on the other hand, only mildly affect
the target gene. In either case, how-
ever, point mutations are likely to allow
the afflicted individual to survive and
reproduce, and may thus be transmitted
and affect subsequent generations. In
terms of human suffering, therefore, the
summed effects of single gene mutations
probably exceed the deleterious effects
of changes in chromosome number or
arrangement.

Basic units and the spontaneous base-
line. Estimates of mutation rates in man
are based on grossly deleterious traits.
Studies on man to date indicate an
average mutation rate of 10—5 to 10—¢
per locus per sexual generation (8),
and may even exceed one per diploid
genome per sexual generation. The evi-
dence for the second value is indirect,
and depends upon estimates of the
number of loci in the human genome
and upon extrapolation from Drosophi-
la. Whether these rates are charac-
teristic is unknown; the possibility that
subtle biochemical traits mutate at
higher rates has recently been raised
(9). Nearly 2000 genetically determined
human defects are already known (10),
but these undoubtedly represent only a
fraction of the total loci. The number
of loci in Drosophila, whose total
amount of DNA per cell is about 20-
fold less than that of man, is on the
order of 5000 (I1), and it is therefore
reasonable to assume up to 105 loci for
the human genome. As a very approxi-
mate estimate, therefore, 10—5 muta-
tions per locus per human generation
times 10% loci gives about one mutation
per genome per human sexual genera-
tion. On the other hand, a recent re-
port (12) suggests that the number of
loci in man may not be much greater
than the number in Drosophila, but at
the same time suggests that human
loci may be intrinsically much more
sensitive to (radiation-induced) muta-
genesis than are Drosophila loci; thus
the mutability of the entire human
genome would still be similar to that
of the entire Drosophila genome, which
may be as high as one per diploid
genome per sexual generation (13).

It will be important when extrapolat-
ing mutation rates from test systems to
man to employ certain basic units. Two
units are suggested for adoption at this
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time, one based upon the spontaneous
mutation rate and one upon radiation
equivalents. The suggested units are:

1) The rate-doubling concentration.
The concentration of chemical that pro-
duces as much genetic damage as oc-
curs spontaneously in the same period
of time in a particular test system (for
instance, 10 spontaneous mutations plus
10 induced mutations equals 20 total
mutations). Given suitable additional
information, this unit could be con-
verted into the human rate-doubling
concentration, which could convenient-
ly be expressed in milligrams per kilo-
gram of whole body weight.

2) The rem-equivalent-chemical
(REC). A vast store of information is
already available concerning radiation-
induced mutagenesis, the standard unit
of measurement being the rem (radia-
tion-equivalent-man). The REC is that
dose or product of concentration multi-
plied by time which produces an
amount of genetic damage equal to
that produced by 1 rem of chronic
irradiation. As a very simple example,
REC’s might be calculated as follows.
Suppose that in a test system, 1 rem
of radiation produces 1000 mutations
and that for every kilogram of body
weight 1 mg of a chemical acting over
5 days produces 50 mutations. Then 1
mg/kg of the chemical applied over 1
year would produce (50 X 365/5)/
1000, or 3.65 REC; and the same dose
applied over the average human repro-
ductive life-span (30 years) would pro-
duce 30 X 3.65, or 110 REC. (Note,
however, that this calculation assumes
implicitly that the response of the orga-
nism, as modulated by numerous phar-
macological factors, remains constant
in time.)

It is important to note that in extrap-
olating from a test system to man, it
is frequently unknown whether the
ratio of chemical mutagenicity to radi-
ation mutagenicity remains constant
and is linear with time, and whether
the test system genes are similar to
average human genes. Different genes
vary considerably in their mutational
responses to different mutagens (some
of which, for instance, may affect only
special sequences within the gene), and
even larger variations are observed
among different reversion tests. Further-
more, physiological states (such as the
active versus the repressed condition)
frequently influence mutation rates.
Only the extensive accumulation of
comparative information can indicate
the reliability of extrapolation proce-

dures. It has recently been shown, how-
ever, that the effects of radiation are
remarkably constant in diverse biologi-
cal systems when the results are ad-
justed for the amount of DNA per
nucleus (12).

We therefore recommend that experi-
ments be initiated with several selected
chemicals representing different classes
of mutagens to see whether the same
generalization can be made with chemi-
cal mutagens; specific locus tests, for
instance, can now be conducted with
a number of systems, including micro-
organisms, Drosophila, the mouse, cer-
tain plant systems, and cultured human
cells. The reliability of such a com-
parison would be strengthened by de-
termining the amount of the chemical
mutagen which actually penetrates to
the genetic material.

Metabolic factors. Comparative stud-
ies of mutagenicity in prokaryotic and
higher eukaryotic systems, and bio-
chemical analyses of the fates of admin-
istered compounds, have provided many
instances where chemicals are muta-
genically inert until they are metaboli-
cally activated. Conversely, many muta-
genically active compounds are meta-
bolically converted to inactive deriv-
atives, or are so active chemically that
they spontaneously hydrolyze or react
with (for instance) serum components
to produce inactive products. Ideal test
systems should therefore be capable of
carrying out metabolic functions similar
to those characteristic of man. For ex-
ample, prokaryotic test systems can
incorporate suitable human or other
mammalian tissue fractions (such as
liver microsomes), or mammalian or-
ganisms can be treated with a chemical
and their appropriate tissue extracts
(including urine) can then be applied
to microbial test systems (I/4). Any
detailed examination of a particular
compound should include an analysis
of its metabolic fates (at least in ex-
perimental animals), and such analyses
should extend to sufficiently large num-
bers of individuals so that genetically
determined variability in metabolic ac-
tivities is likely to be discerned.

Dosimetry. It is common laboratory
practice to introduce test substances
into a mammal both by natural routes
(such as inhalation, ingestion, or ab-
sorption through the skin) and by
artificial routes (such as intraperitoneal
or subcutaneous injection). It has long
been evident in general toxicological
testing that different routes of adminis-
tration can strongly influence the out-
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come. Exposure routes become especial-
ly significant when one concentrates
specifically on the gonadal effects of an
agent, and it is particularly important
to note that the metabolic disposition
of a compound depends not only upon
the biochemical capabilities of mam-
malian tissues, but also upon the activi-
ties of organisms present in the gut.
The conversion of cyclamate to cyclo-
hexylamine by gut organisms, for in-
stance, is the first step in the activation
of this artificial sweetener to a muta-
genic derivative. Intact-mammal test
systems should therefore be presented
with test compounds in ways which re-
flect as closely as possible the realities
of natural exposure routes. While quan-
titative dosimetry may thereby be made
more difficult, net gonadal dosimetry
may be determined empirically regard-
less of the route of administration, as
discussed below.

Quantitative extrapolation from test
systems to man should be based not
simply upon single-dose tests, but in-
stead upon dose-response curves. When
dose-response curves take the form of
straight lines on an arithmetical scale,
the lowest-dose points remain close to
the line, and the line extrapolates to
the spontaneous rate at zero dose, inter-
polation is fully justified. Curvilinear
relationships, however, present special
problems, since they suggest either that
the mutagenic response may become
insignificant at very low doses, or even
that true thresholds may exist.

As far as we are aware, no informa-
tion exists proving or disproving the

Table. 1.

existence of a threshold response to a
mutagen in any system; when a muta-
gen active at a high concentration pro-
duces no detectable effect at a low
concentration, it is generally impossible
to determine with confidence that suf-
ficient statistical accuracy has been
achieved to conclude that an effect is
truly absent. It therefore seems to us
that the best practice, when extrapolat-
ing from curvilinear dose-response
curves, consists of interpolating linearly
between the spontaneous rate at zero
dose and the response from the lowest
dose tested for which reliable data
exist. It is unlikely that this procedure
will underestimate the risk. If there is
a threshold, or a deviation from lineari-
ty in that direction, this procedure will
overestimate the risk, which we assume
to be the prudent policy to follow in
a matter of this importance. As more
data on low doses accumulate, the ex-
trapolation line can be regularly revised.

Mutagen interactions. Although the
sources of ionizing radiations are di-
verse, qualitatively different radiation
doses can be summed in fairly reliable
ways to produce estimates of total mu-
tagenic effects (4). Summation is likely
to be much more difficult in the case
of chemical mutagens, however, for
there are both experimental and theo-
retical grounds for anticipating that
significant interactions will occur among
such compounds. We are particularly
concerned with the possibility of syn-
ergism, either between two mutagens,
or between a mutagen and a nonmuta-
genic agent which enhances its muta-

genicity. At present there are few guide-
lines to assist in deciding which of the
myriad of possible combinations of
compounds should be tested for syner-
gistic or enhancing interactions. Two
groups of compounds that are suspect,
however, are those that inhibit DNA
repair processes (such as caffeine), and
those that either induce enzymatic ac-
tivities in mammalian tissues which are
likely subsequently to activate com-
pounds to mutagenic derivatives, or
inhibit enzymatic activities which are
capable of deactivating the mutagenic
potential of chemicals. However, there
is little that can be done now except to
assume, until information to the con-
trary accumulates, that all mutagens
produce simple additive effects. At the
low exposure levels which we hope will
be found to occur in human popula-
tions this is a reasonable initial proce-
dure.

Characteristics of Currently

Employed Screening Systems

A number of mutagen screening sys-
tems have now been developed to the
point of practical application. Detailed
descriptions of these systems are avail-
able (15), and need not be given here.
Instead, we have tabulated them in two
ways: according to their ability to de-
tect various types of genetic damage,
and according to their operational char-
acteristics.

Systems that are currently being put
to at least some use are listed in Table

Types of genetic damage detected by currently employed mutagen screening systems.

Screening system

Type of damage detected

Chromosome aberrations

Gene mutations

Dele- For- Mul In-
Domi- : Non- ward viul- duced
nant Trans- tions dis- or re- tiple recom-
loca- and - spe- bina-
. lethal- . . junc- verse 3 "
Category Organism it tions dupli- N cific tion
y . tion or
cations locus
both
Bacterial Salmonella typhimurium +
Escherichia coli +
Fungal Neurospora crassa + + + +
Aspergillus nidulans + + + +
Yeasts + + + + +
Plant Vicia faba + + +
Tradescantia paludosa + + + +
Insect Drosophila melanogaster + + +- + + + +
Habrobracon juglandis -+ + + + +
Bombyx mori + + +
Mammalian cell culture Chinese hamster + + + +
Mouse lymphoma + + + +
Intact mammal Mouse + + + + 4+
Rat + + + -+
Man + + +
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1. We have omitted from the table the
larger number of test systems now un-
der development but not yet employed
in screening. The dominant lethal re-
sponse is listed in the chromosome
aberration group since a large propor-
tion of dominant lethal mutations do
in fact consist of chromosomal aberra-
tions. Among the gene mutations, the
multiple specific locus tests simultane-
ously screen forward mutations at from
several loci (as in the mouse) to sev-
eral hundred loci (as in the sex-linked
recessive lethal screening system in
which Drosophila is used). Since an
impressive correlation exists between
mutagens and agents which enhance
rates of recombination (I6), we have
also included a final column indicating
which systems have been employed to
screen directly for induced increases
in recombination rates.

Most of the nonmammalian test sys-
tems (except for the plant, Habrobra-
con, and Bombyx systems), and also
the mammalian cell culture systems,
have been adapted for use with meta-
bolic activation systems. Three methods
are currently employed for coupling the
two types of systems. In the first, meta-
bolically active tissue extracts (such
as rodent liver microsomes) are added
to a submammalian test system along
with the suspect compound. In the sec-
ond, an intact mammal (either rodent

or man) is exposed to the suspect com-
pound, and tissue extracts (including
body fluids such as blood and urine)
are collected and added directly to a
submammalian test system. In the third
(the host-mediated assay), a microbial
or cultured mammalian cell population
is introduced into an appropriate rodent
body cavity, the intact animal is ex-
posed to the suspect compound, and
the test cell population is later recov-
ered and assayed for mutational dam-
age. It should also be noted that Dro-
sophila possesses a microsomal enzyme
system similar to that found in mam-
malian liver, and has been used to
identify mutagens requiring microsomal
activation.

Among the screening systems listed
in Table 1 which can detect gene muta-
tions, only a few (the bacteria, Neuro-
spora, and the yeasts) permit the iden-
tification of the specific types of molec-
ular lesions which are induced.

Table 2 summarizes some of the op-
erational characteristics of current test
systems. It is too early to assess the
eventual operating efficiencies of these
systems, and we have therefore tended
to use simple qualitative comparisons.
The factors which seem to be of most
immediate importance are: the times
required to conduct the tests, given a
fully staffed and equipped laboratory;
the operating costs (materials and per-

sonnel); the initial investment costs;
and the relative ease of mutation detec-
tion, including the magnitudes of the
responses obtained with known muta-
gens, the degree to which the tests lend
themselves to quantitation (for ex-
ample, the feasibility of obtaining dose-
response curves), and test reproducibili-
ty. Where operating characteristics can-
not yet be determined with any relia-
bility, or where the test system is not
actually in significant use (for instance,
Aspergillus nidulans, Habrobracon jug-
landis, and Bombyx mori), it has sim-
ply been omitted from the table.

Correlative Information Required

for Decision-Making

The identification of a compound as
a mutagen is only the first step in esti-
mating the hazard it may pose to man.
In order to estimate the level of human
exposure and to set priorities for test-
ing, additional information is required
concerning the amounts and distribu-
tion patterns of the compounds in the
environment, its persistence both with-
out and within the human body, its
metabolic disposition, and the possibly
varying susceptibilities among exposed
individuals of differing genotypes and
living habits.

Production levels. Primary produc-

Table 2. Operational characteristics of mutagen screening systems.

Relative ease of detectiont

Test system Time to Operating Initial invest-
run test costs* ment costs Gene mutations Chromo§ome
aberrations
Microorganisms with meta-
bolic activation:
Salmonella typhimurium 2 to 3 days Very low Low Excellent
Escherichia coli 2 to 3 days Very low Low Excellent
Yeasts 3 to 5 days Very low Low Good Unknown
Neurospora crassa 1 to 3 weeks Moderate Moderate Very good Good
Cultured mammalian cells
with metabolic activation 2 to 5 weeks Moderate to high Moderate Excellent to fair Unknown
Host-mediated assay with: -
Microorganisms 2 to 7 days Low to moderate Low to moderate Good
Mammalian cells 2 to 5 weeks Moderate to high Moderate Unknown Good
Body fluid analysis Variable Variable Low to moderate Variable
Plants:
Vicia faba 3 to 8 days Low Low Relevance unclear
Tradescantia paludosa 2 to 5 weeks Low to moderate Moderate Potentially excellent
Insects:
Drosophila melanogaster:
Gene mutations 2 to 7 weeks Moderate Moderate Good to excellent
Chromosome aberrations 2 to 7 weeks Moderate Moderate Good to excellent
Mammals:
Dominant lethal mutations 2 to 4 months Moderate to high Moderate Unknown
Translocations 5 to 7 months Moderate to high Moderate Potentially very good
Blood or bone marrow
cytogenetics 1 to 5 weeks Moderate Moderate Potentially good

Specific locus mutations

2 to 3 months

High to very high High to very high

Unknown

* Operating costs vary widely depending upon the protocol specified and upon the number of substances tested simultaneously. Very approximately, very

low is $1,000; low is $1,000 to $5,000; moderate is $3,000 to $10,000; high is $10,000 to $20,000; and very high is $25,000 upward,

1 Since most of

these test systems do not detect all classes of gene mutations or chromosome aberrations (see Table 1), these columns refer only to the detectable

mutations.
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tion levels can in principle be ascer-
tained from information supplied by
manufacturers and importers. In prac-
tice, however, such information is fre-
quently inaccessible, being considered
proprietary information. It therefore
becomes necessary for regulatory agen-
cies to possess legal authority to obtain
such information. (The Toxic Sub-
stances Act now pending in Congress
may provide for such mandatory dis-
closure.)

Distribution patterns. It is usually
much more difficult to determine the
distribution of mutagenically active
compounds in the environment than to
determine gross production levels. The
most significant aspects of distribution
patterns are those steps at which human
beings can become exposed to the
chemicals in question. For medicinal
drugs, for instance, it is necessary to
obtain information about typical dosage
schedules, about the sizes and age dis-
tributions of the treated populations,
and in some cases about the extent to
which the drugs are disseminated il-
legally. For agricultural chemicals it is
necessary to discover the areas of the
country in which they are used and
the proportion of applied compounds
which enter food chains. For food addi-
tives it is necessary to survey both the
concentrations of such substances in
numerous food products and the total
amounts of these foods that are con-
sumed.

It is particularly important when as-
certaining distribution patterns to deter-
mine both average and maximum
exposure levels and conditions and
durations of exposure: Are there im-
portant groups (such as children, indus-
trial and agricultural workers, or ill
persons) being exposed to unusually
high levels of a compound? It seems
likely that this will almost always be
the case, but to measure the size and
level of exposure of such populations
may often be difficult. Where it is rea-
sonable to expect such information to
be obtainable, however, it should be-
come the responsibility of manufactur-
ers and distributors to gather and trans-
mit it to the relevant regulatory
agencies.

Persistence. The environmental mu-
tagenic efficiency of a chemical will in
practice depend strongly upon its per-
sistence. Persistence must be consid-
ered at two levels: in the environment,
and in the human body. The half-lives
of compounds in the external environ-
ment are likely to depend strongly upon
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the local water and soil, temperature,
pH, solar radiation flux, microbial ecol-
ogy, and so on, and extensive informa-
tion may have to be sought to make
realistic estimates of half-lives. As a
routine adjunct to mutagenicity testing,
therefore, suitable information should
regularly be sought about the persist-
ence of any mutagen in the external
environment, and any regulatory scheme
that requires mutagenicity testing should
also require measurements of environ-
mental persistence on a suitably exten-
sive scale. (Information of this type is
already required, for instance, under
Environmental Protection Agency guide-
lines for the registration of new pesti-
cides.)

It is also important to obtain data
concerning the persistence of com-
pounds within the human body. As in
the case of persistence in the environ-
ment, responsibility for mutagenicity
testing should also be coupled with
responsibility for providing data on
relevant endogenous half-lives of mu-
tagens.

Metabolic disposition. Since it is al-
ready clear that mutagen (and especial-
ly carcinogen) activation and inactiva-
tion frequently occur as a result of
metabolism, it will be important to
obtain data on the human metabolic
disposition both of compounds of estab-
lished mutagenicity, and of compounds
whose structures suggest the possibility
of metabolic activation to a mutageni-
cally active state. Whole-animal, spe-
cific-tissue, and tissue-extract studies
will each be needed. As far as possible,
the entire spectrum of conversion prod-
ucts should be monitored. Since exten-
sive pharmacogenetic experience has
already revealed much genetically deter-
mined individual variability in the meta-
bolic disposition of chemicals, the
possibility of individual variation in
metabolic  disposition of mutagens
should also be considered.

The genetically significant concentra-
tion. The gonads are the organs at risk
in the case of heritable mutations. For
a compound to act as a germ line muta-
gen, it must reach the chromosomes of
the reproductive cells of the gonads.
Anatomical barriers at the tissue and
cellular level, however, determine the
ability of a chemical to affect germ
cells. The blood-testis barrier (17), for
instance, could significantly protect male
germ cells. Spermatogonial cells appear
to be located between the two major
elements of this barrier and may be
slightly exposed to blood components,

whereas spermatocytes and mature
sperm are exposed only to those sub-
stances that are selectively transported
across the tubular epithelium and Ser-
toli cells. At present, very few sub-
stances have been studied for their abil-
ities to penetrate these barriers.
Furthermore, no such barrier has yet
been reported for ovaries. The imma-
ture ova, however, are surrounded by
a layer of follicular cells, across which
substances must move in order to reach
the ovum. A broad assessment of the
significance of gonadal tissue barriers
for the mutation process must await
suitable physiological studies; compara-
tive measurements of somatic and ger-
minal mutation rates, however, may also
provide insights into the importance of
such barriers.

For assessing genetic risk, then, it
becomes necessary to measure the ge-
netically significant concentration (GSC)
of mutagens: the GSC is the concentra-
tion of the active form of a mutagen
in the immediate neighborhood of the
genetic material. An appropriate mea-
sure of the GSC could, for instance,
consist of the amount of the compound
reacted (or complexed) with the germ
line DNA of experimental animals, and
such information could readily be ob-
tained by the use of radioactively la-
beled compounds. Measurements of this
type are now possible: alkylation of
sperm DNA has been measured both
in Drosophila and in the mouse (I8).
A regular part of the testing of com-
pounds already distributed in nature,
or seriously considered for future dis- -
tribution, should therefore include mea-
surements of the extent to which they
actually reach the germ cells.

Where sufficiently detailed informa-
tion is available, it will be advisable
to calculate the effect of a mutagen
upon the total population in a manner
which takes into account the reproduc-
tive age distribution. The GSC for the
population is then obtained by weight-
ing the gonadal concentration in each
individual by his or her expectation of
future children. Specifically, the weight
W for an individual of age y is

m

W= Z lysbs
=y
where [, is the probability of surviv-
ing from age y to age x, b, is the prob-
ability of reproducing at age x, and m
is the maximum reproductive age. The
genetically significant concentration is
then given by GSC = SWC/EW where
C is the gonadal concentration and the
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summation is over all individuals in
the population.

The population average for the two
sexes is the simple average of the aver-
age GSC in males and in females, even
if the sexes are not equally frequent
in the population (for the good biologi-
cal reason that each child has exactly
one mother and one father). If in addi-
tion there are differences in sensitivity
among different age or sex groups, then
the different groups should be weighted
by their specific sensitivities and then
summed.

Individual variability. Fundamental
studies of mutagenesis have clearly
established the existence of powerful
genetic factors controlling both spon-
taneous and induced mutation rates,
and natural populations commonly con-
tain individuals of both high and low
susceptibility. When considering the mu-
tagenic hazards of environmental chem-
icals, therefore, one must distinguish at
least in principle between the average
susceptibility of the population and the
increased susceptibility of some indi-
viduals.

In the case of man, there is already
some evidence that some individuals
may be unusually susceptible to chemi-
cal mutagens. The inducibility of aryl
hydrocarbon hydroxylase, for instance,
is probably a single gene polymorphism,
and this enzyme may be of great im-
portance in determining susceptibility
to carcinogenesis (and presumably
therefore also to mutagenesis) by
means of its ability to convert certain
compounds to active states (19). Less
general examples of conditions that may
alter human susceptibility to mutagens
and carcinogens are xeroderma pig-
mentosum, Bloom’s syndrome, and Fan-
coni’s anemia and progeria, all of which
result in sharply enhanced frequencies
of carcinogenesis and chromosome
damage.

It does not seem possible at present
to determine quantitatively what frac-
tion of the human population is at in-
creased mutational risk because of ge-
netically determined high mutagenic
susceptibility, and this factor cannot
therefore now be taken into account
when average susceptibilities are being
computed. The main significance of
variable susceptibility lies in its impli-
cations for the choice of suitable orga-
nisms for screening programs. Most
screening systems employ specially cho-
sen (that is, highly inbred) strains of
organisms, which may not be repre-
sentative of natural populations. It is
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therefore desirable to obtain compara-
tive individual data on mutagenic sus-
ceptibility, particularly for man. One
possible approach would be to deter-
mine frequencies of variant cells in
different individuals, as has been done
to a limited extent, for instance, for
azaguanine resistance in human fibro-
blasts (20). As a general principle, mu-
tagenicity screening should, where pos-
sible, be conducted with genetically
diverse populations.

Risk Analysis

The fundamental purpose of muta-
gen screening is to obtain data relevant
to mutagenesis in human beings. Two
major problems arise, however, in the
application of mutagen screening data
to the protection of human populations:
the choice of methods for quantitatively
extrapolating from test systems to man,
and the choice of criteria for defining
acceptable versus unacceptable risks.

Extrapolation from test systems to
man. As a general principle, it seems
most desirable to extrapolate to man
from those systems which are closest
to man, such as human and mouse spe-
cific locus tests (both in vivo and in
vitro) and mammalian (including hu-
man) cytogenetic tests. Quantitative
extrapolation from microbial systems,
or from reversion tests in which tissue
cultured mutant mammalian cells are
used, does not yet appear to be possi-
ble, and these tests therefore serve
mainly as qualitative indicators of the
presence or absence of mutagenicity.

Quantitative extrapolation from test
systems to man can be attempted, as
indicated previously, by using either the
factor of increase over the spontaneous
background, or the ratio of chemical
to radiation mutagenesis. Regardless of
which method is used, however, only
rarely do we now have any assurance
that the relevant ratios are constant
over the various test systems (but see
the appendix to this article). Our con-
fidence in these extrapolation methods
will increase as more and more data
are accumulated on comparative system
responses to a wide variety of chemi-
cals.

Some specific attempts at extrapola-
tion from test systems to man, in which
we have employed data on potentially
important environmental mutagens, are
presented in the appendix. We are per-
fectly aware that these calculations are
controversial, but they are good ex-

amples of the kind of approach which
should be attempted.

The nature of acceptable risk. Given
a reasonable calculation of the genetic
hazard posed by an environmental mu-
tagen, it then becomes necessary to
consider how acceptable such a risk
will be to the population at large. The
guiding principle in all cases should
be that no risk whatsoever is acceptable
when the mutagenic compound pre-
sents no clear benefits, or when an
alternative nonmutagenic compound is
available. Thus a proposal to introduce
a new compound which is mutagenic
but may provide substantial benefits
should also demonstrate convincingly
that no alternative compound is avail-
able; in addition, when a useful com-
pound already in distribution is dis-
covered to be mutagenic, vigorous ef-
forts should be initiated to replace it
with a less hazardous compound, or to
develop new substitutes.

Society is only slowly developing
methods to measure broadly and quan-
titatively the benefits and costs associ-
ated with the use of specific materials
and processes. For instance, the 1972
BEIR report (4) includes an appendix
entitled “An attempt to measure the
economic cost of radiation” in which
an estimated dollar cost was placed on
radiation exposure: ‘“The total future
cost of one man-rem [that is, a dose of
1 rem to one man] in terms of health
costs paid in present dollars, is between
$12 and $120.” The procedures em-
ployed to derive this estimate can in
principle be extended to chemical mu-
tagens when the activities of such muta-
gens are measurable in GSC and REC
units. Equivalent calculations could also
be performed in terms of the spon-
taneous mutation rate if the rate-dou-

bling concentration of a chemical was
known. Comparisons of the resulting
values with monetary estimates of bene-
fits could then provide risk/benefit
ratios which could in turn be used to
assist decision-making concerning the
restrictions to be placed upon the dis-
tribution of environmental mutagens.
The continued development of such
measures should obviously be promoted.

In the absence of information suit-
able for quantitative comparisons of
costs and benefits, a decision as to what
constitutes an acceptable risk is neces-
sarily somewhat arbitrary. It is useful,
however, to begin with the estimate that
clinically recognizable genetic diseases
currently appear to affect about 6 per-
cent of the population during their
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lifetime (4). (This may, however, be
a substantial underestimate because of
difficulties in recognizing some genetic
diseases, particularly those of low pene-
trance or of multigenic nature.) When
assessing the genetic hazards posed by
ionizing radiations, the BEIR commit-
tee (4) computed the effects likely to
be produced by the current maximum
permissible dose of man-made radia-
tion (excluding medical radiation), 0.17
rem per year. Over the average 30-year
reproductive age span this dose rate
sums to 5 rem per person. Using a
fairly conservative rate-doubling dose
of 40 rem (4), one would expect this
amount of radiation to produce an ad-
ditional 0.75 percent (5/40 of 6 per-
cent) of genetically defective individuals
in the population at equilibrium. Only
a very small proportion of this upper
limit, however, is actually experienced
at present (about 0.15 rem out of the
total of 5 rem). (For purposes of com-
parison, natural radiation produces a
dose of about 3 rem per generation,
and medical radiation a dose of about
2 rem per generation.) Taking at face
value the recommendations of the BEIR
committee concerning the acceptable
genetic hazards of man-made radia-
tion, we therefore propose that the
total mutagenic exposure from man-
made chemicals as well as radiations
(but still excluding medical radiations),
expressed, for instance, as the sum of
rem’s and REC’s, be limited to the
same extent, namely to the equivalent
of 5 rem per generation. On the 40-
rem doubling dose assumption, this
corresponds to a 12.5 percent [(5/40)
X 100] increase over the present muta-
tional load (21).

This limit is currently intended to
exclude radiations and chemicals ad-
ministered medically. It is conceivable,
however, that medical sources too
should someday be included in the
maximum permissible mutagenic dose
delivered to the entire population. It is
also possible that the currently esti-
mated mutation rate-doubling dose of
20 to 200 rem (4) will be revised up-
ward on the basis of new information
(22). Even should this occur, however,
we recommend that no upward adjust-
ments be made in the limit of a 12.5
percent increase over the present spon-
taneous mutational load.

We further recommend that no single
mutagenic agent should be allowed to
exceed 10 percent of the 5-REC budget
allotted to all mutagenic agents. This
limit should be absolute, and no com-
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pound producing even substantial bene-
fits should be disseminated beyond a
level producing this effect. Although
the maximum permissible dose would
only permit ten such mutagens to be
simultaneously distributed to their maxi-
mum individual levels, it seems un-
likely that so many highly dangerous
agents would, in fact, be so widely dis-
tributed. If they actually were, it would
be a discovery of the most serious
implications for human health.

While our main concern is necessar-
ily with the average population, we
recognize that high-risk subpopulations
also exist, encompassing, for instance,
certain industrial and agricultural work-
ers. We therefore recommend that the
maximum permissible mutagenic expo-
sure fo individuals who are still within
their reproductive life-span be limited
to a tenfold excess over the average
maximum permissible exposure level.
(Note, however, that this level of expo-
sure might more than double their ge-
netic risk expectancy. Every attempt
should therefore be made to inform
these individuals of their increased risk
status.) It should be understood, how-
ever, that these individuals, when aver-
aged with the entire population, should
not cause the exposure level of the
average population to rise above the
recommended limit.

Regulatory Principles

Mutagenicity evaluation is an area
of toxicology that should be handled
by regulatory agencies in the same ways
as are other toxicological problems.

Regulatory  agencies.  Regulation
should be the responsibility of federal
agencies, since neither private manu-
facturers nor state governments appear
to possess the necessary capabilities. A
number of federal agencies, in fact,
already possess at least some of the
relevant regulatory responsibilities (23).
The burden of testing should rest with
manufacturers, however, since the fed-
eral government lacks the extensive
facilities, personnel, and budgets re-
quired for such testing, and since gen-
eral toxicological testing is already the
responsibility of manufacturers.

A regulatory agency should depend
for its risk-benefit evaluations upon
committees composed of expert geneti-
cists and toxicologists capable of de-
veloping risk estimates, of economists,
of industrial safety evaluation personnel,
and of representatives of the public at

i

large. The regulatory agency should
also be able to promote rapid testing
in critical areas, making use not only
of the facilities of governmental labora-
tories but also of independent investiga-
tors throughout the country and abroad.
The agency should also be prepared to
coordinate closely with relevant testing,
research and regulatory agencies in
other countries.

The testing systems now developed,
and the range of laboratories now
qualified to perform tests, appear suf-
ficient to provide a rapid response to a
preliminary indication of mutagenicity
in a moderate number of compounds
whose distribution suggests the possibil-
ity of significant risk. Specifically, a
battery of rapid but reliable tests could
now be assigned, performed, and evalu-
ated within at most a few months if
deemed sufficiently important in partic-
ular instances.

Informed toxicologists and geneti-
cists, however, should certainly not wait
for the development of a comprehensive
system of regulation in order to make
known their concerns about the haz-
ards posed by mutagenic environmental
contaminants. Furthermore, as they dis-
cover mutagenic activities in compounds
which they know or suspect to be
distributed in the environment, they
should so inform appropriate govern-
mental agencies (23, 24).

Regulation of compounds already in
distribution. There appear to be sub-
stantial differences in appropriate regu-
latory principles for compounds already
in distribution compared to compounds
yet to be distributed. Furthermore, the
number of compounds already in wide-
spread distribution is much greater than
the number of new compounds being
introduced annually. The two groups
will therefore be considered separately,
beginning with compounds already in
distribution.

First, attempts should be made to
identify suspect substances. Suspect sub-
stances may be any that are added to
or taken up in the production of foods,
crops, animals used for food, drinks,
drugs and drug preparations, cosmetics
and toiletries, or that are, under normal
conditions of preparation, handling, dis-
tribution, and use, capable of being
ingested, breathed, or absorbed by hu-
man beings. Particularly suspect sub-
stances are those that have not previ-
ously been tested for mutagenicity but
are related chemically to known muta-
gens or are distributed in unusually
large amounts.
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All suspect substances should be
screened promptly in the already avail-
able, rapid, and inexpensive microbial
systems coupled with metabolic activa-
tion systems. Positive results in any
such system would indicate that the
compound should, with a high priority,
be tested in appropriate higher animal
systems. Furthermore, in establishing
priorities for testing in higher animal
systems, the number of persons at risk
and their exposure levels should be
taken into account; additional priority
should be assigned to substances to
which people in childhood or in their
reproductive years might be especially
exposed. Examples of high priority
compounds are drugs such as aspirin,
food additives such as nitrites, indus-
trial and household chemicals, colors
and dyes, agricultural chemicals, and
packaging materials (especially poly-
merizing agents).

Regulation of compounds newly pro-
posed for distribution. Substantial num-
bers of compounds are newly put onto
the market each year, and human beings
are likely to be exposed to many of
them. It is much easier to monitor the
possible toxic effects of these com-
pounds than of the far larger number
of compounds already in distribution.
All new compounds under the juris-
diction of a regulatory agency should
therefore be subjected to the best avail-
able mutagenicity screening tests. A
compound found to be mutagenic in
mammalian systems should not be dis-
tributed without regulation; production
levels, distribution patterns in space and
time, exposure levels, human pharma-
cological disposition, and mutagenic
potency should all be taken in account
to ensure that benefits to the population
at risk are clearly greater than the
corresponding risks.

While mutagenicity tests with mam-
malian systems in vivo or in vitro are
highly desirable, the rapid and inexpen-
sive submammalian tests are particu-
larly useful for initial screening pro-
grams involving the larger number of
compounds which are investigated
during the selection of marketable com-
pounds. Mutagenicity observed in these
submammalian tests correlates well with
mutagenicity or carcinogenicity ob-
served in mammalian tests, particularly
when metabolic activation systems are
included in the submammalian screens.
Compounds that are proposed for
actual distribution, however, should also
be subjected to mammalian screening
tests.
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Future Directions

New and improved test systems. We
fully recognize that the test systems
now available do not provide a very
broad base for screening, either in their
abilities to detect all forms of heritable
mutations or in their relevance to muta-
tion in man. We therefore urge that a
number of new systems be developed
or improved, to wit:

1) Human somatic mutation in vivo.
A system is urgently needed for moni-
toring the cells of individuals, particu-
larly those at greater than average risk.
The system should screen readily ob-
tainable cells capable of continued
division in vitro sufficient to establish
the heritability of putative mutations.

2) Mammalian meiosis in vitro. While
some somatic mutations can now be
scored in cultured cells, mutations aris-
ing in germ line cells can only be scored
by conventional breeding experiments.
A system in vitro that could support
the entire meiotic process, and whose
products could be screened for muta-
tions, would therefore be of the greatest
importance for mutagenicity testing as
well, of course, as for fundamental
studies of the meiotic process itself.

3) Genetically significant concentra-
tions. Methods should be developed to
greatly expand the number of com-
pounds for which the GSC can be de-
termined and compared with specific
mutagenicity in mammalian test sys-
tems.

4) Population monitoring. Methods
should be developed to survey bio-
chemical, cytogenetic, and phenotypic
characteristics of large human popula-
tions (1,000,000 or more individuals),
in order to obtain better information
about the true spontaneous human mu-
tation rate, natural variations in this
rate in certain subgroups of the popu-
lation, and possible increases in the
mutation rate which might result from
environmental mutagens.

5) Human somatic mutation in vitro.
Both new and improved systems for
screening conditional lethal mutations
are needed to enlarge the number and
reliability of human specific locus sys-
tems. In addition, the nature of human
specific locus mutations (genetic or
epigenetic; entire locus or only restricted
sites mutable) must be worked out. The
current amount of effort required to
test chemicals in such systems needs to
be sharply reduced by developing im-
proved test systems. It will also be
important to couple the systems for

conditioned lethal screening with spe-
cific-organ or organ-extract systems
capable of metabolic activation; the
metabolic activation systems now in
use are highly toxic to cultured mam-
malian cells.

6) Gene transfer in tissue cultured
cells. Many conventional modes of ge-
netic analysis are not yet applicable to
cultured mammalian cells because of
the unavailability of a parasexual gene
transfer system. The development of
such a system would provide a funda-
mental tool for genetic analysis, with
consequent improvement of our under-
standing of the mutation process in
higher eukaryotic cells.

7) Chromosomal aberrations in mi-
crobial eukaryotes. Cytogenetic tests are
now feasible only with the higher
eukaryotes. It would be of great sig-
nificance for determining comparative
rates of point versus chromosomal mu-
tation to possess a system capable of
detecting chromosomal aberrations in a
microbial eukaryote.

Initiation of mass screening. Even
those systems now available are suitable
for screening large numbers of suspect
compounds. Screening should therefore
be initiated as rapidly and as extensive-
ly as possible, with the financial support
both of industry and of federal agen-
cies. We recognize that screening pro-
grams are not particularly suitable for
support from funds appropriated for
basic research, except for those aspects
listed above, and that National Science
Foundation and National Institutes of
Health research grant support is not
the best way to promote "screening.
Contract support, however, seems fully
suitable for screening programs, and
the level of such funding should be
considerably expanded, together with
informational programs designed to at-
tract suitable investigators.

Mass screening will also require
many more trained personnel. Consid-
eration should therefore be given to
initiating training programs to provide
highly qualified technicians and super-
visors.

Both mammalian and submammalian
test systems possess individual advan-
tages and disadvantages, and both types
of systems are likely to be used in the
immediate future. It is therefore im-
portant to accumulate comparative in-
formation on their differential respon-
siveness to numerous compounds, that
is, to determine what types of com-
pounds produce uniformly positive or
negative responses in both types of sys-
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tem, and what types of compounds pro-
duce positive responses in one type of
system but negative responses in the
other.

Conclusions

Human populations are now exposed
to a wide variety of compounds never
before encountered in the history of
man. Many of these compounds are
clearly mutagenic to lower organisms,
and there are sound biological reasons
to conclude that at least some are also
mutagenic to man. Since the vast ma-
jority of detectable mutations are del-
eterious, an artificially increased human
mutation rate would be expected to be
harmful in proportion to the increase.

A number of test systems are now
being developed and perfected to the
point where they can detect chemical
mutagenesis reliably and sensitively. No
system by itself meets all the require-
ments of an ideal system, but the
available systems collectively provide
important information about the muta-
genic potential of many, perhaps most,
chemical compounds.

When data from the best available
mutagenicity screening systems are
combined with information about the
distribution of compounds in the en-
vironment and their metabolic fates in
the body, it becomes possible to make
at least preliminary estimates of the
health hazards posed by environmental
mutagens. It is therefore already rea-

sonable to begin to regulate the dis-

Table 3. Quantitation of mutagenic effects of hycanthone methanesulfonate, ethyl methane-

sulfonate (EMS) and nitrite.

Test system

Calculations

Hycanthone

Specific locus mutations in 1.

cultured mouse cells

2.

3.
Chromosome aberrations in 1.

cultured human cells

Recessive lethal mutations in 1.

postmeiotic Drosophila male
germ cells 2

3

Specific locus mutations in
cultured rodent cells

Mouse dominant lethal muta- S
tions

Mouse translocation mutations S

Specific locus mutations in S
mouse spermatozoa

Recessive lethal mutations in 1.
Drosophila spermatozoa

2

3

4

5

methanesulfonate (HTD*, 3 mg/kg)

Same mutant frequency produced by 50 mg/kg hycanthone
(17 HTD) and 120 rad x-rays: 7.2 REC/HTD

Locus tested was twice as sensitive as the average locus:
3.6 REC/HTD

Threefold correction factor for acute rate: 1.2 REC/HTD

Seven HTD induced 1.0 percent translocations: 1.43 X 10-3
translocations per HTD

. Only 2.5 percent of translocations transmitted to viable
offspring: 1.43 X 10-% X 2.5 X 10-2 corresponds to 36 X
10-¢ live-born abnormal offspring per HTD

. One rad produces 12 X 10-¢ live-born unbalanced trans-
locations: 36 X 10-°/12 X 10-¢ corresponds to 3 REC/
HTD

. Threefold correction factor for acute rate: 1 REC/HTD

Same mutant frequency produced by 100 HTD hycanthone
and 355 rad x-rays: 3.55 REC/HTD

. Mammalian spermatogonia are about 1.5-fold more sen-
sitive than postmeiotic Drosophila germ cell mixture:
5.34 REC/HTD

. Threefold correction factor for acute rate: 1.8 REC/HTD
Ethyl methanesulfonate

Same mutant frequency produced by 1240 mg/kg EMS and

1500 to 2000 rad x-rays: REC, 0.62 to 0.83 mg/kg

ame mutant frequency produced by 248 mg/kg EMS and
400 rad x-rays: REC, 0.62 mg/kg

ame mutant frequency produced by 248 mg/kg EMS and
325 rad x-rays: REC, 0.76 mg/kg

ame mutant frequency produced by 248 mg/kg EMS and

100 rad x-rays: REC, 2.5 mg/kg (but upper confidence

limit of EMS data includes REC of 0.62 mg/kg)

Nitrite

Same mutant frequency produced by 767 mg/kg nitrite
and 66 rad x-rays: REC, 15.6 mg/kg

. Mammalian spermatogonia are about twofold more sen-
sitive than Drosophila spermatozoa: REC, 7.8 mg/kg

. Average human nitrite consumption: 0.17 mg/kg per day;
1862 mg/kg per 30 years, therefore 239 REC per gen-
eration

. Threefold correction factor for acute rate: 80 REC per
generation

. Sensitive period for mutagenesis is less than 10 percent
of spermatogonial cell cycle: upper limit, 8 REC per
generation

* HTD, human therapeutic dose.
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tribution of chemical compounds. In
general, no mutagenic compound should
be distributed unless it serves a truly
useful purpose and unless no efficacious
substitute is available. We recommend
specific limits for the environmental
distribution of mutagenic agents, in-
cluding both ionizing radiations and
chemical compounds, such that the re-
sulting genetic damage does not exceed
a 12.5 percent increase over the spon-
taneous mutational background.

Appendix

We have attempted to estimate the
mutagenicity of three compounds in
REC units (Table 3). The first, hycan-
thone methanesulfonate, has been widely
applied in the treatment of schistoso-
miasis. The second, ethyl methanesul-
fonate (EMS), is a standard laboratory
mutagen, but certainly not an environ-
mental hazard. The third, nitrite, is a
common food additive (used as a pre-
servative and to enhance flavor and
meat color) and also appears in the
environment as a result of the microbial
processing of both agricultural and
natural nitrates. Our calculations are
intended to be exemplary, but hardly
definitive. The GCS’s (genetically sig-
nificant concentrations), for instance,
are generally unknown, as are many
other relevant factors.

In making comparisons between
chemical and radiation mutagenesis, we
have frequently corrected for a radia-
tion dose rate effect: since acute doses
are commonly administered in testing
procedures, whereas chronic or low-
dose irradiation produces only about
one-third as many mutations as does
acute irradiation (see 4, p. 61), we
have assumed that the same holds for
environmental chemical mutagenesis.
Furthermore, in mice the mutation rate
induced by chronic irradiation is much
lower in the female than in the male,
about 20 times lower in females with
mature oocytes and even lower than
that if the oocytes are in earlier stages
of development (4, pp. 65-66). Since
it is unclear whether the same will be
true for chemical mutagenesis in man,
some of our calculated REC values may
be overestimated by a factor of 2.

Hycanthone methanesulfonate. Three
different screening systems have been
used to assess hycanthone mutagenicity,
and all three yield remarkably similar
results.

1) Specific locus mutations in cul-
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tured mouse somatic cells (25). A dose
of 10—% molar hycanthone induced the
same mutant frequency in the thymidine
kinase locus as did 120 rad of x-rays in
the same system, and the dose-response
curve was approximately linear. This
dose of hycanthone corresponds to
about 50 mg/kg, or about 17 human
therapeutic doses (HTD, 3 mg/kg).
Therefore 120 rad per 17 HTD' corre-
sponds to 7.2 REC per HTD. The
x-ray—induced specific locus mutation
rate in this particular system (about
5 X 10—7 mutations per rad) is about
twice as large as the average specific
locus rate (/2), so that the HTD prob-
ably corresponds to between 3.6 and
7.2 REC. When corrected for the dif-
ference between acute and chronic
dosage schedules, these figures are re-
duced to between 1.2 and 2.4 REC per
HTD.

2) Chromosome aberrations in cul-
tured human somatic cells (26). A dose
of 4 X 10—5M hycanthone (7 HTD)
induced a translocation frequency of
0.010. If we assume that the response
is linear and that the mutation rate is
the same in human spermatogonial
cells, this corresponds to 0.010/7 or
1.43 X 10—3 translocations per HTD.
Only about 2.5 percent of these, how-
ever, would be transmitted through
meiosis to live-born abnormal offspring.
Therefore, 0.025 X 1.43 X 10—3 corre-
sponds to 36 X 10—¢ live-born abnor-
mal offspring. The BEIR report (4, p.
55) estimated that 1 rad (or 1 rem,
which is very similar) would produce
12 X 10—¢ unbalanced translocations
among the first-generation offspring,
and as a result, the HTD of hycanthone
would correspond to 36/12 or 3 REC.
When corrected for the difference be-
tween acute and chronic x-ray dosages,
this figure becomes about 1 REC per
HTD.

3) Sex-linked recessive lethal muta-
tions in Drosophila (27). A hycanthone
dose of 300 mg/kg (100 HTD) in-
duced 1.72 percent mutations in post-
meiotic germ cells sampled 2 to 6 days
after treatment, a frequency which
would also be produced by 355 rad of
x-rays (28). (No significant increase in
mutation rate was observed in cells
treated in the spermatogonial stage, but
the small size of the sample—Iess than
1000 cells—does not warrant the con-
clusion that no mutations were induced
in these cells.) Hence 1 HTD would
correspond to 355/100 or 3.55 REC.
When corrected for the fact that mam-
malian spermatogonia are about 1.5
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times more sensitive to irradiation than
Drosophila postmeiotic cell mixtures,
and for the threefold decreased muta-
genic efficiency of chronically adminis-
tered doses, this figure becomes about
1.8 REC per HTD.

Ethyl methanesulfonate. This has
been used as a standard mutagen dur-
ing the development of most mutagen
screening systems. - Here we will show
that diverse mammalian systems re-
spond in a quantitatively similar man-
ner, an EMS dose of 0.01M (1240
mg/kg) corresponding to a radiation
dose of 1000 to 2000 rad.

1) Specific locus mutations in cul-
tured rodent cells (29). At the mouse
thymidine kinase locus, 0.01M EMS
produced the same mutant frequency
as did about 4000 rad; but this pub-
lished estimate is probably about two-
fold too high (30), and the correct
value is therefore closer to 2000 rad.
At the Chinese hamster 8-azaguanine

“resistance locus, 0.01M EMS produced

the same mutant frequency as did
about 1500 rad.

2) Mouse dominant lethal and trans-
location mutations. A concentration of
0.002M EMS induced 47 percent dom-
inant lethal mutations in sperm samples
1 to 21 days after treatment (31), and
a similar rate (48 percent) was induced
by 400 rad administered to mature
sperm. If we assume a linear response,
therefore, 0.01M EMS would have pro-
duced the same effect as 2000 rad. Fur-
thermore, 0.002M EMS induced about
10 percent of translocations in sperm
when F; male offspring were tested
(32), and about 325 rad of acute x-ir-
radiation would produce about 10.5
percent translocations in F; male off-
spring of treated males (33). If we
assume linearity, therefore, 0.01M EMS
would have produced the same effect
as about 1600 rad.

3) Mouse specific locus mutations
(32). Two specific locus mutations were
produced among 4818 progeny after
treatment of spermatozoa with 0.002M
EMS, and a dose of 300 to 400 rad
would have produced 6 to 8 mutations
in a sample of this size. (We employed
the mutation rate corresponding to
acute radiation for the spermatozoa
data, since there is no evidence for a
dose rate effect in postmeiotic cells.)
The upper 95 percent confidence limits
of the observed EMS mutation rate
include both values predicted from the
x-ray data, An EMS dose of 0.01M
could therefore correspond to 1500 to
2000 rad.

In EMS experiments involving spe-
cific locus mutations induced in sper-
matogonia, no mutations were observed
among 14,400 offspring from treated
parents. If the mutation rate induced
by chronic x-irradiation is taken to be
8 X 10—8 per locus per rad, the seven
loci sampled would have responded to
300 to 400 rad of irradiation with a
mutant yield of 8 X 10—8 X 7 X (300
to 400) X 14,400, or 2.4 to 3.2. Since
both of these values are again within
the 95 percent confidence limits for
the x-ray data, an EMS dose of 0.01M
could again correspond to 1500 to
2000 rad.

Nitrite. The highest eukaryote for
which nitrite mutagenesis data are avail-
able is Drosophila (34). Males of aver-
age weight (0.9 X 10—6 kg) consumed
5 X 10—¢ ml of 0.02M NaNO, (molec-
ular weight, 69) in a 1-day experiment.
The average dose was therefore 767
mg/kg. The resulting induced sex-
linked recessive lethal mutation rate
was 0.13 percent. If the x-ray doubling
dose for mature spermatozoa is taken
to be 66 rad (28), this mutation fre-
quency would have been produced by
49 rad. Therefore, 1 REC corresponds
to 767/49 or 15.6 mg/kg. Since mam-
malian spermatogonia are about twice
as sensitive as Drosophila spermatozoa,
this figure is reduced to 7.8 mg/kg.
The average amount of nitrite con-
sumed by human beings is about 0.17
mg/kg per day (35). Over a 30-year
period, therefore, the average person
consumes 0.17 X 365 X 30 or 1862
mg/kg, which corresponds to 1862/7.8
or 239 REC per generation. Since
acute doses were used in the radiation
experiments the threefold reduction fac-
tor to convert to chronic doses reduces
this value to 80 REC. Other data (36),
however, can be interpreted to suggest
that the sensitive period for mutagenesis
during the spermatogonial cell cycle
lasts less than 10 percent of the cycle
(36). As a result, our upper estimate
of the level of environmental nitrite
mutagenesis is 8 REC per generation.
If the doubling dose is taken as 40
REC, then this level of nitrite muta-
genesis would correspond to 20 percent
of the spontaneous mutation rate in
human beings. This calculation, based
on a single-dose experiment, is highly
uncertain. It calls attention, however,
to a clear need to explore the muta-
genicity of nitrites much more fully, in
order to understand whether nitrites do
in fact constitute an important muta-
genic hazard. '
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