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ABSTRACT 

In order to test the thousands .df man-made chemicals in the environment 
for carcinogenic and genetic hazards, amultitude of short-term screening 
tests has been developed to complement.long-term mamal.ian bioassays and 
epidemiological studies. These tests cover a broad spectrum of organisms, 
and include the use of naked and viral ..nucleic acids, bacteria, fungi, 
higher plants, insects in vitro mammalian cell cultures (cell transforma- 
tion, cell-mediated mutagenesis, DNA repair, and chromosome aberration 
tests) and 1 ive mamnals. Assay end points include effects on nucleic 
acids, DNA repair synthesis, point or. gene mutatfon, structural and 
numerical chromosome aberrat.ions, cytological alterations, and in vitro 
cell transformation. The present review describes and. compares these 
assays ., In addition, it discusses their' historical development, the 
problems.and limitations associated with their use, and their implementa- 
tion in comprehensive testing programs. It is intended to provide over- 
view and specific information to the laboratory that is in the process of 
establ ishing genetic toxicological systems.. (The 1 i terature is reviewed 
to January 1978. ) 
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I. INTRODUCTION 

To date, about' two mi 11 ion man-made chemical compounds have been 

introduced into the 'environment, with over 30,000 in commercial trade (47). 

Furthermore, it is estimated that to this total between 500 .and 1000 new 

chemical species, involving si bni fi cant human exposure, are added each year 

(214). These substances include cosmetics, food additives, drugs, and 

pesticides, in addition to household and industria,l chemicals such as 

.I fibers, plastics, paints, solvents, and adhesives. 

A rapidly growing concern regarding the wide use of these new chemi- 

I:w 
cals is their potential long-term effects, particularly carcinogenic and 

genetic (30, 48, 58, 74, 170, 185, 238, 241). The International Agency 

for Research on Cancer (IARC) has estimated that at least 80% of all cancer 

has an environmental cause (see citations in ref. 30), and the concern that 

untoward genetic effects are caused by environmental agents (58, 74) has 

given .rise to the rapidly expanding fields of environmental carcinogenesi s 

and genetic toxicology (environmental mutagenesis). That the carcino- 

genicity of a chemical is a human health hazard is obvious;. and chemical 

mutagenicity is now likewise accepted as a parameter for safety evalua- 

tion (252). 

The expansion of these new fields of research and development has 

been only very recent, however.  hi 1 e carci nogenesis by chemical agents 
was first discovered 200 years ago with the reporting of scrota1 cancer . . 

in young chimney sweeps caused by soot (202), it was not until 1930 that 

t he  f lrs 1 experimental. induction of cancer with a pure chemical. compound 
took place (172). Auerbach and Robson (1 1, .12) were the first to achieve 

experimental mutagenesis using a pure chemical agent (for review of chemi- 

cal mutagenesis see ref. 13). Their objective was to develop methods for 

readily inducing mutations in order to study basic mechanisms, rather than 
to develop procedures to test and moni tor corrrpounds .' 

In the early'fifties, the genet.icist Herman Muller began to voice his 
concern about the possible mutageni.~ effects of the rapidly growi.ng number 

of compounds being synthesized and used at the time (73), and in 1958, the 

Food ~ d d i  tlves Amendment of.the rood, Drug, and Cosmetic Act of 1938, known 

as the Delaney clause, was passed by Congress. This clause prohibited the 

use of food additives "found to induce cancer when ingested by man or 



animal " (48). A. report of the Food Protection Commi'ttee, Food and Nutrition 
Board, National Academy of Sciences, publ ished in '1961, was one of the first 
to discuss actual methods for testing such .additives for carcinogenicity 

(41). 
In the midsixties, considerable concern ,regarding environmental muta- 

gens was aroused with the discovery o f  "super'mutagens" (60). These che- 

micals can produce high frequencies of mutations while allowing for high 
levels of s.urvi~val~of,the cell or organism. It was thus realized that cer- 
tain compounds could cause genetic'.damage to accumulate over.generations 
while passing undetected through the. traditional toxicological screening 
procedures based on cell survival. 

The public health hazards of chemical carcinogens and mutagens were 
thus established by L ; t ~ t !  ldle h l x t l e s ,  and the Mrak report (1851, released 
in 1969, discussed the widespread testing of pesticides for carcinogeni- 
city and recommended three methods (described below) for testing for muta- 
genic activity: the host-mediated assay, the dominant lethal test, and - in 
vivo cytogenetic studies. 

Since the late sixties, toxicologists and geneticists have joined 
forces to a significant degree (142), resulting in the vigorous expansion 
in the fields of environmental carcinogenesis and genetic toxicology. This 
development is reflected by the rapid increase in the number of publ ica- 
tioris dealing with chemical mutagenesis (262). In addition to an informa- 
tlon retrfeval service [the Environmental Mutagen Information Center (EMIC)] 

several societies, including the American, European, and Japanese Environ- 
mental Societies, have amalgamated to form the International Association of 
Environmental Mutagen Societies. 

Despite -these recent developments, testing fnr genetic toxicants re- 
mains an awesome .task. Of the more than 16,000. chemica'ls 1 isted in the 
Registry of Toxic Effects of Chemical Substances, mutagenic information has 
been recorded for less than one percent. (48). In addition, of the 6,000 
substances tested for carcinogenicity (through 1972), only 3,000 have been 
tested adequately, and of these about 500 may confidently be termed car- 
ci nogenic (214). The Toxic Substances Control Act (TOSCA) was passed in 
1976 and authorizes the 'regulation of mutagens and carcinogens (251) [en- 
forcement,. however, seems to be a real problem (256)l.. So the question , 

! 

becomes: how can we screen effectively, and at reasonable $ost for the hun- 



dreds of compounds, being introduced yearly, in addition to  , tes t ing  the t re -  

mendous number of compounds a1 ready widely di spersed? 

Before the advent of short-term t e s t s  .such toxicants were screened by 

whole-mammal studies or detected r e t r o s p e c t i v ~ l y  by epidemiological studies.  

The l a t t e r  have been able to  pinpoint. industrial, carcinogens such as vinyl 

chloride and asbestos, b u t  they detect the effects  of these substances long 

a f t e r  their ' introduct ion.  Epidemiological studies are  also very expensive, 

and the i r  usefulness i s  limited in view of the complex facets  of the vari- 

abi 1 i t y  i n .  human populations. Long-term t e s t s  with whole mammals a re  also 

of 1 imi ted value because of the i r  long time span required (over three years ) ,  

high cost (about $200,000), and ski 11 ed manpower requirements including 

experienced pathologists (21 4 ) .  In addition, correct extrapolation from 

high doses of single toxicants given to  small animal populations in these 

experiments to  the relat ively large human populations ttiat are  exposed to  

low doses of a complex mixture of substances can be very d i f f i c u l t .  

In view of these considerations, the recent surge i n  the in te res t  in 

short-term.tests for genetic toxicants and carcinogens i s  understandable 

(205). I t  i s  the purpose of th is  review to describe and evaluate such 

t e s t s ,  as well as to  make s u g g e ~ t i o ~ s  for  the i r  use. These t e s t s  have been 

chosen with the following c r i t e r i a  in mind: cost (about $50,000 or l e s s ) ,  

time (completed in less  than two months), evidence for  val idi ty  in toxi- 

cological tes t ing ,  and ease of use. They are therefore comparable to  the 

f i r s t  level or the f i r s t  t i e r  of a complete tes t ing program ( 2 7 ) .  



11. END POINTS AND THE RELATIONSHIPS AMONG DNA DAMAGE, 
MUTATION, AND CANCER 

The testing systems described below are characterized by one or more 
of the following end points: (a) effect on nucleic acids, (b) DNA repair 

synthesis, (c) point or gene mutation, (d) structural . chromosomal aberra- 
tion., (e) numberical chromosomal aberration, (f) cytological a1 teration, 
(g) -- in vitro cell transformation. While each end point is individually 
important in terms of long-term toxicity (see' Table 1). a brief discussi~n 
of their, interrelation is relevant. 

.Increasingly, correlations are being made between DNA damagelrepair 
and cancer (30., 89). In addition, correlation has been demonstrated be- 
tween chromosomal aberration and cancer (241). However, many compounds 
which are potent chromosome-damaging agents are also noncarcinogens, and 
tests with chromosome aberration end points have thus been criticized (238). 
In addition, while a strong correlation between chromoso~~~al aberration and 
mutation seems obvious, much higher doses are often times necessary to in- 
duce the former (234), suggesting the direct relationship between these 
two end points is not as close as was previously considered (15). 

A most important and controversial correlation to be made in recent 
years is that between mutation(') and cancer (3, 36, 62, 63, 165-167, 
179). A1 though the reldtionship between chronic toxicity and short-term 
effects has been examined in detail, interest in the relationship between 
mutagenesis and carcinogenesis has arisen largely out of the recent revi- 
talization of the somatic mutation theory of cancer, originally proposed 
by Boveri (for historical review, see ref. 1 7 2 ) ,  and the development of a 
large number of rapid mutagenicity tests designed to detect carcinogens 
(for example, ref. 4). 

In the early fifties, a study was made to deterrr~ir~c the mutageniclt:jl 
of some chemical carcinogens, and little correlation was shown (55, 57). 
However, less was known at the time about the nature of mutation, or about 
the types of mutations that bacteria reflected, Research in the area con- 
tinued; but only on a small scale. 

(ll~utation is often times used quite broadly t o  include chromosomal 
aberrations. . In this"review, the term.is taken to mean, simply, point 
or gene mutation. 

! 

1 



Three conferences, held in Honolulu (36), Brussels (1 79), and Seattle 

(63) (for a summary of these three conferences see ref. 62) have reviewed 
coordinated studies by researchers in the United States and Japan. The re- 

sults indicate that at least 80% of the chemical carcinogens total are mu- 
tagens, and that less than 10% of compounds thought to be I1noncarcino-. 
gens"(2.) show mutagenic activity ("false positives") (57). Similarly Ames 
and his collaborators, testing about 300 chemicals with hi .S .Salmorlel la/mi- 
crosome mutagenicity test, found 90% of the carcinogens are mutagens, and 
that 13% of the noncarcinogens are mutagens (166). These results and others 

have firmly established an empirical correlation between mutagenicity and 
carcinogenicity and have given impetus to the further development of muta- 
genicity testing for carcinogens. False positives have raised the question 
of the validity of long-term animal tests, in particular with regard to 
"weak carcinogens" and low dosage levels (110). However, the problem re- 
mains that while the majority of carcinogens are mutagens, a sufficient 
data base has not developed to determine the percentage of mutagens that 
are carcinogens (1 72). 

Concerning the spectrum of test end points to be discussed in this re- 
view, two unanswered, yet fundamental, problems remain. First, which of 
these end points is most relevant to man? It is the opinion of Auerbach 
(14) that induction of point mutations and small deletions represent a 
sure test of genetic risk to human populations. Nevertheless, it must be 
kept in mind that nondisjunction in man is estimated to be associated with 
40% of spontaneous abortions and 0.6% of abnormalities among live-born 
children (233). Obviously, more resedrct~ is needed to determine the rele- 
vancy of end points. Second, how do the various end points interrelate? 
As noted above, correlations are poorly' defined yet compel 1 ing, and, as 
emphasized by Sobel s (234), studies on "comparative mutagenesisU must be 
given a high priority. It is not the purpose of this- review to discuss 
the interrelation of these end points in detail--all are relevant to human 
1 ong- term toxicity .i nvol vi ng years and generations , and for' that reason, 
a1 1 are considered. 

(')~n view o f  the discussion abovc of long-term mammalian t e s t s  and "known" 
carcinogens, it may be quite difficult to define a chemical as a non- 
carcinogen. 



111. METABOLIC ACTIVATION 

Substant ia l  d i f f e rences  occur between the  p roka ryo t i c  c e l l  and the  

eukaryo t i c  c e l l  w i t h  regard t o  the  organ iza t ion  o f  the  genet ic  ma te r ia l  i n t o  

s t r u c t u r a l  u n i t s  and the  opera t iona l  con t ro l  o f  these u n i t s .  Nonetheless, 

t h e  j u s t i f i c a t i o n  f o r  t h e  use o f  a  tremendous v a r i e t y  o f  c e l l s  and 

organisms--from naked DNA t o  v i ruses t o  microorganisms t o  mammalian c e l l s  

i n  v i t r o ,  t o  biopsy m a t e r i a l - - i n  shor t - te rm screening t e s t s  f o r  genet ic  -- 
tox ico logy  and ca rc inogen ic i t y ,  i s  premised on the  f a c t  t h a t  t he  he red i ta ry  - 
ma te r ia l ,  t h e  n u c l e i c  acidq, i s  h a s i c a l l y  the  same from v i ruses t o  man. How- 

ever, cons ide ra t i  ons o f  t he  complex pathways, i n c l u d i n g  organ, age, sex, and 

species s p e c i f i c i t y  through which chemicals may be ac t i va ted  o r  d e t o x i f i e d ,  

a r e  c r u c i a l .  I n  p r e d i c t i n g  the  f a t e  o f  f o r e i g n  compounds i n  l i v i n g  organ- 

isms, It i s  recognized t h a t  t he  use o f  i s o l a t e d  organs, t i s s u e  cu l tu res ,  

c e l l  preparat ions,  subce l l  u l a r  f r a c t i o n s ,  and i s o l a t e d  enzymes, w h i l e  a1 1  

q u i t e  valuable, w i l l  never be f u l l y  adequate (103, 142). Ex t rapo la t i on  t o  

man requ i res  the  cons idera t ion  o f  pharmacokinetics ( t h e  absorpt ion, d i s t r i  - 
but ion ,  metabol ism, and exc re t i on  o f  f o r e i g n  compounds--ref. 103), a  t r a d i -  

t i o n a l  p a r t  o f  toxico1oq.y. This need i s  made a l l  t he  more a p p a r ~ n t  hy the 

f a c t  t h a t  most carcinogens r e q u i r e  metabol i c  a c t i v a t i o n  (241). Thus, us ing  

a  v a r i e t y  o f  i n d i c a t o r  organisms, i n  p a r t i c u l a r  bacteriophage, Salmonella 

typhimurium, Escher ichia - c o l i ,  B a c i l l u s  s u b t i l i s ,  --- Saccharorqyces cerev is iae ,  

Neurospora crassa, Drosoph i l ia ,  and var ious mammalian c e l l  l i n e s ,  th ree 

bas ic  types o f  metabol ic  a c t i v a t i o n  systems have been developed: ( a )  " i n  -- v i v o "  

host-mediated assay (38, 52, 77, 102, 144, 165, 227); (b) " i n  -- v i t r o "  host- 

mediated assay (26, 56, 87, 88, 91, 92, 112, 120, 142, 143, 158, 159, 163, 

175, 177, 178) ; and, (c )  i n t e r n a l  a c t i  va t ion- -ex terna l  exposure assay (4, 16, 

56, 95, 101, 142, 156, 157, 159, 187, 193, 264). The s p e c i f i c  t e s t s  are 

descr ibed below according t o  the  i n d i c a t o r  organisms, and general descr ip-  

t i o n s  o f  t h e  th ree systems r u n  as fo l l ows :  

A) I n  Vivo Host. Mediated Assay 

Thi.s type o f  host-mediated assay procedure invo lves  the  chemical 

being ac t i va ted  w h i l e  i n s i d e  the  host;  the  i n d i c a t o r  organism i s  l i kew ise  

exposed w h i l e  w i t h i n  the  host.  The use o f  body f l u i d s  as a  source metabol ic  

a c t i v a t i n g  systems has rece ived the  a t t e n t i o n  o f  both researchers and h e a l t h  



authorities; in the original form (99), a microbial organism .(,usually 

Salmonel 1 a typhimuri um' and Neurospora crassa--120, 142) is injected into. 
. 

.A' 
the peritoneal cavity of mammals (usually mice--120, 143) which are then . . 

treated with mutagens. After a period of time (several hours to days, de- 

pending upon the indicator organi sm) , the microorgani sms are withdrawn, and 
the mutants are detected by standardized microbiological plating procedures. 

These results are compared to the effects of the'compound on the microor- 

, . 
ganism directly to determine detoxification or activation by the host. How- 

,- ever, the peritoneal cavity is a relatively insensitive site for metabolic 

activation and chemical activity, and so. short-lived ultimate mutagens or 

i carcinogens, may not be detected. Thus, other modifications including putting 

the indicator organism closer to the male testes '(87, 88) or the major site 

of metabolic activation, the liver (80, 112, 175, 178), have been developed. 

The liver test in which bacteriophage (178) or Escherichia coli K-12 strains 

, . (80, 112, 175) in particular, are injected. intravenously, allows for longer 
exposure to chemicals and is considered more sensitive than the intraperi- 

toneal cavity . (87, 88). In addition, a "1 inear" host-mediated. assay in 

which samples are taken at a number of time intervals, has been proposed as 

a means of more accurately assessing the true potency of a given compound 

(105, 151). 

A1 though the in vivo host-mediated assay has successful ly combined 
mammalian metabolism with sensitive microbial indicators, a number of short- 

comings remain, including: (a) possible undesirable host reaction against 

the indicator organism, (b) the limited time span the indicator may be kept 

in the host, ( c )  si te-specific dctivation and detoxification of the compound, 

and (d) differences in repair mechanisms between the indicator organism and 

host(159). In an ideal system the indicator organism would not be detected 

as foreign in the host and could be recovered from the liver; such a liver 
recovery system is .now in the process of being developed (1 59). 

B) -- In Vitro Host Mediated Assays 

In this method the chemical is activated outside the host using the 

host's activating systems; the indicator organism is likewise exposed out- 
side the host. The recent emphasis on this form of .assay is reflected by 

the symposium (64) focusing on the combinatiuri o f  -- in vitro microsoma1 acti- 

vating systems with microorganisms and mammalian cells in culture. Basi- 



c a l l y ,  i n  such t e s t s  t h e  i n d i c a t o r  organism i s  mixed d i r e c t l y  w i t h  the  a c t i -  

v a t i n g  system, con ta in ing  microsomes and the  drug. The organism i s  then 

scored f o r  e f f e c t s .  Th is  method e l im inates  the  use o f  whole animals, and 

there fore  avoids undesi rable host  reac t i on  t o  the  i n d i c a t o r  organism. Also 

i t  makes poss ib le  t h e  use o r  organ homogenates der ived from amn (56), a l -  

though t h i s  has proven t o  be d i f f i c u l t  (8 ) .  

Ma1 1  i n g  f i r s t  demonstrated the  mutagenic i ty  o f  metabol i c a l  l y  ac t i va ted  

carcinogens (157, c i t e d  by Bridges, r e f .  30). Soon a f t e r ,  t he  M i l l e r s '  

l a b o r a t o r y  (100, 101 ) developed a  r a t  1  i v e r  microsome system which was 

adopted by Ames, who was the  f i r s t  t o  combine r a t  1  i v e r  microsomes w i t h  

bacterta i n  agar (4).  To prepare t h i s  r a t  l i v e r  s u b c e l l u l a r  f r a c t i o n  ("S-9"), 

t h e  an imal 's  microsomes are  induced t o  produce a c t i v a t i n g  enzymes by the  po ly -  

c h l o r i n a t e d  biphenyl (PCB) mixture,  Aroc lor  1254, o r  o ther  induc ing agents. 

The l i v e r  i s  ex t rac ted  from t h e  animal and homogenlned i n  0.15 KC1 and the  

homogenate i s  then cen t r i f uged  f o r  t en  minutes a t  9000 x  g t o  o b t a i n  the  

microsomal f r a c t i o n .  The l i v e r  i s  used because i t  i s  the  t i s s u e  by f a r  the 

r i c h e s t  i n  microsomal enzyme a c t i v i t y  and because i t  conta ins the  essen t ia l  

"mixed f u n c t i o n  oxidasesY1' which i nc lude  as the  te rmina l  e l e c t r o n  acceptor 

cytochrome P-450. The homogenate i s  combined w i t h  cofactors,  i n c l  ud i  ng NADH 
o r  NADPH, f o r  proper a c t i v a t i o n .  

There are, o f  course, ser ious l i m i t a t i o n s  t o  t h e  use o f  such a c t i v a t i n g  

f rac t i ons .  Obv!ously o n l y  a  l i m i t e d  number o f  r e l e v a n t  reac t ions  may occur, 

t h e  some reas t ions  n o t  occur r ing  s i g n i f i c a n t l y  -- i n  v i v o  may be detected (95). 

I n  add i t i on ,  a  wide range of factors a f f e c t  t he  s e n s i t i v i t y  o f  t h i s  microso- 

ma1 method, i n c l u d i n g  the  amount o f  S-9 used (56), p u r i t y  of t h e  f r a c t i o n  

(166), d i e t  (53) ,  and organ, sex, and species d i f f e rences  (263-265). Some 

ma in ta in  t h a t  t h i s  method i s  s t i l l  more adequate than the  i n t r a p e r i t o n e a l  

host-mediated assay (159), wh i l e  others f e e l  the  l a t t e r  i s  more appropr ia te  

f o r  screening unknown compounds (95). However, t he re  a re  some ind i ca t fons  

t h a t  t he  i n t r a h e p a t i c  host-mediated assay i s  super io r  t o  e i t h e r  (95, 159, 175). 

C) I n t e r n a l  A c t i v a t i o n  - =,. External % Exposure Assays 

Th is  host-mediated assay procedure has the  chemical ac t i va ted  i n s i d e  the  

host;  a f t e r  a c t i v a t i o n ,  t he  chemical i s  exposed t o  the  i n d i c a t o r  organism out-  

s i d e  t h e  host.  Recent methods have employed samples o f  body f l u i d s  [expecia l -  

l y  b lood (80) and u r i n e  (77) ]  t o  be tes ted  by i n d i c a t o r  organisms such as 



microorganisms and insects. Of these tests,.the development of the urinary 
assay is the most useful (52, 77, 78, 144, 165, 227). Since some metabolities 

may be concentrated up to 1000-fold in the urine, .this can be an extremely 
sensitive method; however, this very fact indicates that urinary metabolites 
may not reflect in a relevant manner the concentration of metabolites in the , 

body, and, in addition, only long-1 ived metabolites can be detected (276). 

Another recently developed system involves subjecting bacteria or yeast (102) 
to lyophilized plant material after the plant is exposed to test agents for 
the purpose of producing ultimate mutagens. 



IV. SUBMAMMALIAN TESTS 
' . .  

The rapid expansion in the f ie lds  of environmental carcinogenesis i s  

characterized largely by the proliferation of submammalian t e s t s ,  which in- 

clude use of ce l lu la r  and viral  nucleic acids, bacteria,  yeasts and other 

fungi, higher pla,nts, and insects (see revjeys 30, 74, 238, 241, 243, 276). 

However, these.  t e s t s  have been sharply c r i t ic ized  (142, 21 0; 238). A number 

of unique features of himan and. other m a m l i a n  organisms (see part I ;  

re f .  160) point to  the l imitations of submammal ian t e s t s  and to  the caution 

w i t h  which they must be interpreted. Even the strongest proponents of such 

tests point out tha t  these t e s t s  presently allow only qual i ta t ive and not 

quant i ta t ive assessments of genetic r i sk  (276). 

Ncvcrtheless, these t e s t s  s l i  11 pussess the distlnct advantages which 

prompted the i r  original development beginning in the 1960's: ( a )  they are 

quick, inexpensive, and relat ively simple, (b)  large sample populations may 

be used, ( c )  they are  highly reproducible, (d)  they are sensit ive and may be 

used to  detect,  c lass i fy ,  and characterize genetic e f fec ts  of a wide variety 

of compounds. In addition, the great variety of t e s t s  developed appear to  

cover the spectrum of genetic end points with the crucial problem of metabolic 

activation and detoxification being considered. Also, submanunalian t e s t s  to  

date have been found t o  be the most effect ive i n  detecting carcinogens (62) ,  

and, using a battery of such t e s t s ,  i t  appears possible to  eliminate "false  

negdlives" (234, 276) .  ( A  f a l se  negative i s  said to  occur when a known car- 

cinogen i s  not detected by a short-term t e s t . )  Thus, in sp i t e  of unresolved 

issues such as f a l se  posit ives,  fa l se  negatives, relevancy of end points, 

e t c . ,  in view of the short-comings of a l ternat ive t e s t s  and considering the 

pressing need for rapid accumulation of information, t h i s  category of tests 
i s  receiving fu l l  attention fo r  present implementation and future development; 

Table 1 i s  a summary and evaluation of useful and promising t e s t s ,  

A) Naked and Viral Nucleic Acids 

For hereditary. damage, the most d i rec t  assays involve the use of i so- 

lated nucleic acids. Many chemical and physical methods (35, 182, 242), 

including chromatography, electrophoresis, spectroscopy (u l t rav io le t  absorp- 

t i  on and fluorescence) , radioactive 1 abel i ng , various types. of centrifugation, 

and electron microscopy, have been applied to  examine the e f fec ts  of compounds 



on n u c l e i c  ac ids which have been separated from other  c e l l  components, r e -  

leased from p r o t e i n  complex, and f i n a l l y  p u r i f i e d .  Phage o r  b a c t e r i a l  DNA 

i s  genera l ly  used. 

Another method invo lves  the  use o f  i s o l a t e d  and t ransforming b a c t e r i a l  

DNA, i n  p a r t i c u l a r  t h a t  o f  B a c i l l u s  s u b t i l i s ,  Diplococcus pneumonia, and 

Haemophilus in f luenzae.  Such t rans format ion  invo lves  the  t r a n s f e r  of genet ic  

ma te r ia l  f rom the ruptured ( lysed)  c e l l s  o f  one s t r a i n  t o  a r e c i p i e n t  s t r a i n  

which consequently develops c h a r a c t e r i s t i c s  o f  t he  donor s t r a i n .  Experiments 

w i t h  t h i s  " t ransforming p r i n c i p l e "  provided f i n a l  p r o o f  t h a t  DNA i s  the  

he red i ta ry  ma te r ia l .  Procedures employing the  t rans format ion  method f o r  

compound screening genera l ly  i nvo lve  the  exposure o f  i s o l a t e d  t ransforming 

DNA t o  a g iven compound, uptake o f  t h i s  DNA by the  r e c i p i e n t  s t r a i n ,  and a 

measure o f  t h e  i n a c t i v a t i o n  o f  the  genet ic  a c t i v i t y  o r  t he  i n t r o d u c t i o n  of 

mutat ions i n  the  DNA (117, 155). 

Viruses a re  unique i n  t h a t  they l a c k  complete metabol ic  c a p a b i l i t i e s ,  

cannot r e p l i c a t e  i n  i s o l a t i o n ,  and come c loses t  o f  a l l  organisms t o  the nucle? 

i c  ac ids o f  t h e  unrepaired genome. The use of v i ruses i n  screening t e s t s  has 

been reviewed by Drake (72). One of t he  more prominent s h o r t ~ t e m  t e s t s  us ing  

v i ruses i s  the  prophage x i nduc t ion  i n  Escher ichia c o l i  K-12 (116, 139, 181). 

I n  t h i s  t e s t  lysogenic bacter ia,  c a r r y i n g  the  prophage as an in teg ra ted  com- 

ponent o f  t h e i r  genome, are exposed t o  the  t e s t  agent. D is rup t ion  o f  t h i s  

s t a b l e  s t a t e  r e s u l t s  i n  the  death o f  the  b a c t e r i a l  c e l l  ( l y s i s )  and i n  the  

p r o l i f e r a t i o n  o f  f r e e  i n f e c t i o u s  x prophage p a r t i c l e s .  I t  i s  proposed t h i s  

"prophage induct ion ' '  i nd i ca tes  the  mutagen ic i ty  and ca rc inogen ic i t y  o f  a 

compound. Recently t h i s  method has been improved by combining microsomal 

enzymes w i t h  th ree  va r ian ts  o f  t he  " inductes t " :  (a) a qua1 i t a t i v e  spot  t e s t ,  

(b) a q u a n t i t a t i v e  t e s t  on p la te ,  and (c )  a q u a n t i t a t i v e  t e s t  i n  l i q u i d  

medium (181). 

New shor t - te rm t e s t i n g  systems i n v o l v i n g  the  use o f  v i ruses o r  v i r a l  

components i nc lude  t h e  f o l l o w i n g  end p o i n t s  t o  de tec t  mutagens and carc ino-  

gens: (a)  t he  increase i n  per turbat ions  i n  the  f i d e l i t y  o f  DNA synthesis by 

a DNA polymerase fram avian myeloblastos is  v i r u s  ( M V )  (used . for metal s a l t s  

i n  p a r t i c u l a r )  '(228); (b )  ' i n h i b i t i o n  o f  v i r a l  r e p l i c a t i o n  (QB RNA o r  (XI74 

DNA) when combined w i t h  - -  E. c o l  i spheroplasts ( f o r  po lycyc l  i c  aromatic hydro- 

cdrbuf~s and r e l a t e d  compounds) (121); ( c )  s t i m u l a t i o n  o f  the r a t e  o f  RNA syn- 

thes i s  by metal mutagens and carcinogens a t  concentrat ions t h a t  i n h i b i t  over- 



a l l  RNA synthesis us ing  E. c o l i  RNA pol.ymerase w i t h  c a l f  thymus DNA o r  phage 

T4 DNA iternplates (119). I n  add i t ion ;  c e r t a i n  types o f  phage ( A ,  T4, and t i )  

a re  t o t a l l y  nonpathogenic and surv ive  f o r  r e l a t i v e l y  long per iods o f  t ime 

w i t h i n  the  blood stream o f  t h e i r  hosts. Th is  may enhance t h e i r  usefulness 

as i n d i c a t o r  organisms i n  i ntrasanguineous host-mediated assays (1  78). 

While the  methods u t i l i z i n g  n u c l e i c  v ac ids . .  and v i ruses are  the  f a r t h e s t  

removed f rom those based on the  metabol ic  processes and chromosome s t r u c t u r e  

o f  humans, they are  the  most rapid,  economical, and sens i t i ve .  Nonetheless, 

they have no t  been emphasized as much as o ther  methods i n  tho r t - te rm screen- 

i n g  programs. 

- B) Racter ia 

For t h e  de tec t i on  o f  mutagenic i ty  o f  complex mixtures o r  p a r t i c u l a r  

compounds such as mutagens and carcinogens, f a s t  and u l t r a s e n s i t i v e  b a c t e r i -  

a l  assays u t i l i z i n g  i n  p a r t i c u l a r  s t r a i n s  o f  Salmonella typhimurium, 

Escher ich ia  - col  i , and Baci 11 us s u b t i  1  i s ,  have developed as powerful  t oo l s .  

The more important  b a c t e r i a l  assay systems are  character ized by two end 

po in ts ,  mutat ion and growth i n h i b i t i o n .  B a s i c a l l y  two types o f  mutat ion 

d e f i c i e n c i e s  are  used: (a )  n u t r i t i o n a l  requirements: - h i s -  ( h i s t i d i n e ) ,  

( t ryptophan),  @- ( n i c o t i n i c  ac id) ,  3- (Arg in ine)  , and lys- ( l y s i n e )  ; 

and (b) DNA r e p a i r  de f i c ienc ies :  - uvr-  and - exr-  (exc i s ion  r e p a i r  d e t i c i e n t ) ,  

and - polA- .. . ( l ack  o f  polymerase I), and =-- rec'-  ( l a c k  o f  a b i l i t y  t o  perform r e -  

combinat ion r e p a i r ) .  While t h e  n u t r i t i o n a l  d e f i c i e n c i e s  are espec ia l l y  i m -  

p o r t a n t  i n  cha rac te r i z ing  mutat ional  end po in ts ,  t he  DNA r e p a i r  d e f i c i e n c i e s  

o f t e n  make mutat ional  assays more s e n s i t i v e  i n  t h a t  t he  mutants are  more 

responsive than the  parent  s t r a i n  t o  DNA damage by chemicals. I n  a d d i t i o n  

t o  p rov id ing  mutat ion end po in ts ,  r e p a i r  de f ic ienc ies  a l s o  al'low the  compari - 
son o f  t h e  end p o i n t  o f  growth i n h i b i t i o n  o r  k i l l i n g  i n  the  two s t r a i n s  by 

a  t e s t  compound. Three types o f  experimental procedures are  used f o r  hac- 

t e r i a l  assays : 

1  . Spot t e s t :  O r i g i n a l  ly developed by I y e r  and Szybalski  (1 29), t he  

t e s t  sample i s  app l i ed  t o  t h e  center  o f  a  P e t r i  d i s h  conta in ing  bacter ia .  

La te r  versions o f  the  t e s t  a l s o  use microsomal enzymes. I n  P e t r i  dishes 

w i t h  agar, the substance i s  e i t h e r  added d i r e c t l y  t o  a  center  we l l ,  as 

c r y s t a l s  o r  microdrops, o r  a  s o l u t i o n  o f  t he  compound i s  soaked i n t o  a  d i s c  



which i s  placed on the  agar surface ("paperdics" method). This procedure i s  

extremely simple, t e s t s  a wide range.of concentra t ions-on 'a  s ing le  pe t r i  

p la te ,  allows the  detection of chemicals t h a t  a c t  on rep l ica t ing  DNA (176). 

However, i t  i s  qua l i t a t i ve  a t  best  and produces f a l s e  negatives f o r  chemi- . . 

ca l s  which cannot d i f fuse  i n ,  the  'agar, which a r e  insoluble in water, o r  which 

ac t iva te  a t  a  pH d i f f e r e n t .  from tha t  of the medium. Thus, ve r i f i ca t ion  of 

t h i s  t e s t ,  w i t h  other assays . i s  necessary. 

2. Plate-incorporation assay: The only di f ference from the spot t e s t  

i s  t ha t  the t e s t  compound, microsomes, and organisms a re  preincubated to- 
'i gether and subsequently plated. Different  concentrations of the  sample must 

be tes ted in a concentration range of proportional response, so t h a t  t h i s  

t e s t  may provide a more quan t i t a t ive  dose-response 'information than the spot 

t e s t .  

3. Liquid suspension: The t e s t  substance and organism are  added t o  

nu t r ien t  broth in tubes and a re  incubated f o r  up  t o  several days; the  end 

point i s  then indicated by tu rb id i ty  in the tubes o r  through pla t ing on agar.  

This method may be more tedious, and many o f - t h e  suspension procedures re-  

quire  temperatures too high fo r  microsomal ac t iva t ion ,  y e t  several end points 

a r e  simpler t o  score and a more thorough compound-organism mixture allows f o r  

the detection of weaker mutagens and carcinogens. '  An example. of l iqu id  sus- .L- 

pension technique i s  the f luctuat ion t e s t ,  o r ig ina l ly  developed by Luria and* 

  el buck (152), used by Voogd e t  a l .  (261 ) ,  and modified by Green e t  a l .  (109). 

Bacteria.1 t e s t s  a re  often categorized by the  species employed o r  by a 

peculiar  genet ic  cha rac t e r i s t i c  of a s t ra i ,n .  Several such systems a r e  dis-  

cussed in d e t a i l :  

1 ) SaTmonel l a  mhimurium. -- The Ames t e s t  has been employed .extensive- 

l y  (2-9, 22, 77, 136, 764-167). Currently being used in well over 1000 

'J 
i ndus t r i a l ,  government, and academic laborator ies  worldwide, i t  i s  the  most 

widely known and well documented of the  bacter ia l  t e s t s .  Ames and co- 

workers have pub1 ished the  r e s u l t s  of t e s t i ng .  some 300 compounds (166). 

The t e s t  a s  o r ig ina l ly  descr ibed (8) used a nu t r i t iona l  auxotroph and "' 

assayed for reversion t o  prototrophy in minimal media. The original  s t r a in s  



were made more sens i t ive  by the introduction of:  a DNA repair  deficiency 

(uvrB); a deficiency in  the  c e l l  envelope 1 ipopolysaccharide ( r f a  - - "deep 

rough"), which r e su l t s  in  increased permeability t o  l a rger  molecules (1 54) 

such a s  polycyclic aromatic hydrocarbons; and ce r ta in  plasmids. Depending 

on t he  s t r a i n  used, base pa i r  subst ' i tut ions (TA1535, TA100) o r  frameshift 

(TA1537, TA1538, TA98) reverse mutations may be detected.  The spot ,  plate-  

incorporation,  o r  l i qu id  assays may be used ( 9 ) .  For metabolic ac t iva t ion ,  

the  S-9 microsome mixture, as discussed above, has been developed spec i f i -  

c a l l y  f o r  t h i s  t e s t  (4),  and addit ional  modifications a re  the  urinary assay 

(52, 77, 165), use of feces (38) ,  and the  host-mediated assay (120, 1.43, 

177). Whlle the Ames assay i s  1 imited t o  the detection of reverse mutations 

and i s  insens i t ive  f o r  many known mutagens and carcinogens, such as  metals; 

chlorinated (diene) pesticides, azo dyes, and spindle poisons (e .g,  , 
colchic ine) ,  i t  remai,ns a s  one of the  more re1 iable  t e s t s  f o r  t e s t i ng  corn- 

pounds individually (62, 206) and i n  complex mixtures (136). Already, some 

compounds now undergoing higher-level t e s t i ng  (such as c e r t a i n  ha i r  dye 

components) were detected using the  Arnes. t e s t  (6 ,  166). The s ens i t i v i t y  of 

Salmonella s t r a i n s  have been enhanced by incorporating R f ac to r  plasmids -. 

i n to  t he  genomes (167), and new Salmonella s t r a i n s  a r e  being developed t o  

broaden the  u t i l i t y  of t h i s  t es t ing  system (164). 

2) Escherlch-ia - co l i  WP2 and re la ted  s t r a i n s .  i n v o l v i n g  these 

widely used s t r a i n s  (32, 33, 106-109, 118, 127, 253) a r e  s imi la r  t o '  the  Ames 

t e s t  i n  t h a t  reversion t o  prototrophy ( i n  t h i s  case,  from a .tryptophan re-  

quirement) i s  u t i l i z ed ,  and sens i t ive  repair -def ic ient  s t r a i n s  a r e  employed. 

Again, spot ,  p l a t e  incorporation, or IlquSd assays may be used (107),  and 

the  modified f luc tua t ion  tes t  developed by Grwn -- e t  pl. (106, 109) seerns 

par t i cu la r ly  useful f o r  detect ing chemical.~ weak i n  a c t i v i t y  and/or low i n  

concentrat ior~ ( 109). Also of i n t e r e s t  i s  the  application of whale l i v e r  

c e l l s  instead of conventional microsome f rac t ions  (106). While, these s'h-aitis 

may be more s ens i t i ve  f o r  detecting ce r t a in  compounds and may be t t e r  charac- 

t e r i z e  base-pair subs t i tu t ions ,  they do not de tec t  frameshift mutagens. 

3)  - -  E .  co l i  po1A. Tests using t h i s  s t r a i n ,  o r ig ina l ly  developed by 

S l a t e r  -- e t  a l .  (229), a r e  fundamentally d i f f e r en t  from (1)  and (2)  above in  

t h a t  growth inh ib i t ion ,  ra ther  than mutation, i s  the f i na l  .end point. Spot 



("paperdisc") or  more sensit ive and quantitative 1 iquid assays may be used 

(212), and pol A- 'mutants, def icient  in polymerase A-1 (used in DNA repa i r ) ,  
+ 

are exposed to  a given compound in tandem with the isogenic . . polA parent 

s t r a in .  An increased re la t ive  growth inhibition in the former i s  taken t o  

mean tha t  relevant DNA damage i s  occurring. Intercalating agen t s  and certain 

agents having bactericidal ac t iv i ty  a re  negative in the Salmonella t e s t  and 

posit ive 'with the E. col i t e s t ,  while the reverse holds true fo r  compounds 

such as metronidazole and zathioprine (212). Thus, i t  i s  recommended tha t  

an E. col i  t e s t ,  while the reverse holds t rue for  compounds such as metro- 

nidazol'e and zathioprine (212). Thus, i t  i s  recommended that  an E. co1.i t e s t  

be used in comb.ination with Salmonella t e s t .  

- 4, bacteria' Strains contdini ng the - rec- mutation, principally 

of the - -  E. coli  and - B.  sub t i l i s  species, are important in that  they are  defec- 

t ive  in different  parts of the repair process from the above s t ra ins  and may 

thus detect additional mutagens and carcinogens. Spot t e s t  procedures a re  

used with these bacteria, and thus having growth inhibition end points simi- 

l a r  t o  the t e s t  of Rosenkranz, they are subject t o  similar l imitations.  

The "rec-assay" using Bacillus sub t i l i s  M45 (3) and HI7 (r&) 

s t ra ins  was originally developed by Kada and co-workers (133) and has been 

used to  screen food additives and pesticides in ,particular (131-133, 226). 

Also, Nishioka, using a s l ight ly  modified "rec-assay," has been able to  t e s t  

cer tain metal compounds (189). For metabolic activation, the use of micro- 

some fractions has not been reported, but the h t raper i tonea l  host-mediated 

assay i s  used (133) .. Several s t ra ins  of .,,. rec- . - E.  - col i  are in 'use (126, 130, 
246), and show similar responses as the Bacillus s u b t i l i s  s t ra ins .  They 

generally require higher doses, with the exception tha t  nitrosamines .may be 

detected a t  1 ower levels when r a t  1 i ver microsomes are  used. (1 26). 

5' E* c* K-12' Recently developed t e s t s  using th i s  s t r a in  ( 8 ~ ,  112, 

176, 177, 186) show considerable promise because they detect both forward and 
reverse mutations using a single s t ra in .  .Thus, the re la t ive  frequencies of 

these two mutation types may be compared, and forward mutations occurring 

a t  several locations on the genome may be detected. Both spot and liquid 
t e s t ,  including microsomal fract ions,  can be used. The s t r a in  seems part icr  



u l a r l y  s u i t a b l e  f o r  t he  intrasanguineous host-mediated assay (80, 112, 176, 

177). Compared t o  Salmonel l a ,  the  K-12. s t r a i n s  both penet ra te  the  hepato- 

cy tes  more e a s i l y  (1  12, 177) and shown a  h igher  s u r v i v a l  r a t e  when withdrawn 

f rom t h e  hos t  (80, 177). Also, us ing  these s t r a i n s  prov ides more s e n s i t i v i t y  

t o  c e r t a i n  compounds such as some n i t r o  he te rocyc l i cs  and d ia l ky ln i t rosamines  

(234). E x c i s i o n - p r o f i c i e n t  s t r a i n s  o f  - E. - c o l  i K-12 a re  p a r t i c u l a r l y  use fu l  

because they  are  capable o f  d e t e c t i n g  c e r t a i n  DNA cross-1 i n k i n g  mutagens 

(1 86).  

6 )  B a c i l l u s  s u b t i l i s  s t r a i n s .  A, an organism for mutagenici ty t e s t -  

ing ,  - B. -. s u b t i l i s  has two p u t e n t i a l  advantages over  2. typhimurium and - E. ' 

c o l i :  (1 )  being gram p o s i t i v e ,  i t  i s  more permeable t o  c e r t a i n  chemicals 

such as po ' l ycyc l i c  aromat ic  hydrocaI"BOns, and ( 2 )  spur.es iilay be stslied and 

kep t  v i a b l e  for.many years. Several mutagen ic i ty  t e s t s  us ing  t h i s  species 
' 

have been developed i n c l u d i n g  the  one o f  McGregor and Sacks f o r  d e t e c t i n g  

mu1 ti gene forward mutat ions i n  t he  sporul  a t i n g  process (168). Tanooka (245)  

r e p o r t s  a  procedure i n v o l v i n g  h i s t i d i n e  reve rs ion  and another d e t e c t i n g  r e -  

l a t i v e  growth i n h i  b i t i o n  o f  DNA r e p a i r - d e f i c i e n t .  mutants. 

C o l l e c t i v e l y ,  b a c t e r i a l  t e s t i n g  systems d e t e c t  a  wide range o f  forward 

and reverse  p o i n t  mutat ions, bu t  no one t e s t  may be s i n g l e d  ou t  as best .  

Al though t h e  Salmonella t e s t  i s  t h e  most po,pular, and has been shown t o  be 

t h e  most r e 1  i a b l e  i n  c e r t a i n  comparative s tud ies  (201, 206), o ther  s tud ies  

have found c e r t a i n  - B. s u b t i l i s  (226) o r  - -  E. c o l i  (62) s t r a i n s  t o  be b e t t e r .  

Thus, i t  must be concluded t h a t  a  b a t t e r y  o f  t e s t s  i s  necessary, such an 

approach being c r u c i a l  i n  e l i m i n a t i n g  f a l s e  p o s i t i v e s  and f a l s e  negat ives 

(62, 201). I n  add i t i on ,  w h i l e  b a c t e r i a l  t e s t s  a re  being developed t h a t  de- 

t e c t  gene t i c  damage o the r  than p o i n t  mutat ions ( f o r .  example, recombinat ion),  

they  must be i n t e g r a t e d  w i t h  o t h e r  t e s t s  detecting o the r  "h igh-order"  gene- 

t i c  damage t o  be v a l i d  and comprehensive shor t - te rm screening procedures. 

C)  Eukaryotes 

Since chemicals a re  known t o  cause chromosomal damage (21) t e s t i n g  

systems have been devel oped t h a t  u t i  1  i ze eu k a r y o t i  c  c e l l  s  ,, which a re  more 

c h a r a c t e r i s t i c  o f  man. These systems have the  a d d i t i o n a l  advantage of de- 

t e c t i n g  the  whole spectrum o f  damage f rom p o i n t  mutat ions and numberical 

chromosome aber ra t ions  ( p l o i d y )  t o  c e l l  t ransformat ion,  end p o i n t s  which 



are related to both environmental carcinogenesis and mutagenesis, While a .b 

large number'o'f organisms are used for such. testing, the protozoan Tetrahymena 

pyriformis, is also used in l!icluid assay and examined cytologically for un- 

equal division of DNA to daughter. cell s (1 74., ,182) . and for growth (184) . 
Four groups of eukaryotes have been utilized most extensively: fungi, higher 

plants, i nsects, and 'mammals. 

Fungi 

a) Yeasts. Yeasts are single-cel led eukaryotic microorganisms which 

may exist as stable haploid or diploid cells. Employing these organisms in. 

short-term screening of chemicals has many of the same advantages a s  the use 

of bacteria. In addition, a .greater diversity of end points may be detected, 
including forward .and reverse mutations, mi totic or meiotic gene recombina- 

tion and gene conversion., dominant and recessive lethal mutations, and non- 

disjunction (see Fig. 1,  p. 316 of ref. 148). The two most widely used 

species are Schi zosaccharomyces pombe and Saccharomyces cerevf siae (baker's 

yeast). 

Use of 5. pombe has been reviewed (148, 149, 150, 183), and the specific 
use of PI, P,, and P3 strains to detect forward mutants, convertants, or 

recombinants is described by Loprieno (148). Of a1 1 the yeasts, 5. cerevisiae 
has been reported in mutation studies more frequently than that of any other 

(39, 40, 111, 140, 150, 183, 195, 196, 203, 204, 223, 272-275). With a con- 

siderable number of stra.ins in use., especially JD1, D3, D4, D5y D6 y and D7, 

a wide spectrum of genetic alterations can be detected, including forward 

mutations (39), reverse mutation (111, 196, 204, 274), and two types of  

mi totic recombination: reciprocal crossing-over (38, 233, 285, 286). and gene 

conversion (40, 196, 223, 271, 274). Using - S. cerevisiae, Brusick (39) has 

developed a forward mutation system detecting several mutation types simul- 

taneously, and Prakash et 'al; (203) have described a sensitive system capable 

of distinguishing among different types of reverse mutations; this system has 

yet to be implemented. ' Brusick -- et al. (40) have compared the D3, D4, and D5 

strains using four known mutagens, and concluded that D4 could be used most 

economically and that D5 would be the most reliable-. Zimmerman (274) 

described the development of strain D7 for the simultaneous detection of 

mi totic crossing-over, tili totie gene conversion and reverse mutation. 

Zimmerman (275) a1 so provides the most detailed report describing the metho- 



dology o f  such t e s t i n g ,  and Parry (196) has r e c e n t l y  descr ibed a s e n s i t i v e  

f l u c t u a t i o n  t e s t  us ing  s t r a i n s .  JD1, Dq , and D7 t o  d e t e c t  m i  t o t i c  gene conver- 

s i o n  and reverse mutat ion.  I n  add i t i on ,  Par ry  -- e t  a1 . (195) descr ibe the  use 

o f  s t r a i n  D-6 t o  d e t e c t  nond is jun t ion ,  ~ u i l i s i  (204) repo r t s  on compounds 

having d i f f e r e n t  e f f e c t s  du r ing  meios is  and m i t o s i s ,  and Koske -- e t  a l .  (140) 

descr ibe  an assay us ing  - S .  c e r e v i s i a e  which i s  conceptua l ly  s i m i l a r  t o  those 

o f  Rosenkranz and Kada, measuring the  d i f f e r e n t i a l  k i l l i n g  o f  DNA r e p a i r -  

d e f i c i e n t  mutants and t h e i r  parenta l  s t r a i n .  Bas i ca l l y ,  spot and l i q u i d  

assays a r e  used, and a l l  t h ree  types o f  metabol ic  a c t i v a t i o n ,  body f l u i d s  

(2271, host-mediated assay (87, 88, 177). and microsamal enzymes (40) have 

been app l fed  t o  - S. cerev is iae .  

b) Other. General ly ,  tow o the r  t j p e s  nf fung i  a r e  used: A s p e r g i l l  us ' 

n idu lans  and Neurospora crassa. 

(1 )  Asperg i l l us  n idu lans .  Th is  homothal l i c  f i lamentous fungus, hap lo id  

o r  d i p l o i d ,  has r e c e n t l y  been reviewed as a t e s t i n g  system by Roper (211). 

As w i t h  yeasts, a wide v a r i e t y  o f  end p o i n t s  may be detected, i n c l u d i n g  p o i n t  

mutat ions, m e i o t i c  and m i t o t i c  crossing-over,  nondis junct ion,  t r a n s l o c a t i o n  

and o t h e r  chromosome aber ra t ions ,  recessive l e t h a l s ,  and sp ind le  poisoning.  

There a re  two systems which may s imul taneously d e t e c t  forward mutat ion t o  

several  d i s t i n c t  phenotypes : (1  ) s t r a i n s  which become capable o f  syn thes iz ing  

meth ion i  ne and (2)  s t r a i n s  becoming r e s i s t a n t  t o  the  color-changing e f f e c t  o f  

2 - th ioxanth ine .  Bignami ,. e t  ., a l .  (20) descr ibe a sys te~ i l  use fu l  f o r  l ' ts  detec- 

t i o n  o f  nond is junc t ion ,  i n  a d d i t i o n  t o  c ross ing  over.  Again, spot  and l i q u i d  

suspension t e s t s  a re  genera l l y  used, and. the  use o f  body f l u i d s  and microso- 

ma1 f r a c t i o n s ,  i n c l u d i n g  an S-9 m ix tu re  from the  p l a n t  Tradescant ia, have 

been a p p l i e d  f o r  metabol ic  a c t i v a t i o n .  

( 2 )  Neurospora Crassa. Whi le t h i s  i s  .a  hap lo id  organism, two-component 

heterokaryons ( a t  1 east, one hap1 o i d  complement o f  two d i f f e r e n t  genotypes i n  

t h e  same cytoplasm, b u t  n o t  i n  the  same nucleus as i n  the  case i n  d i p l o i d  

c e l l s )  may. be produced (as i n  Asperg i l l us )  which a l l o w  the  organism t o  r e f l e c t  

many o f  t h e  same genet ic  e f f e c t s  as d i p l o i d  organisms (66) .  While recessive 

l e t h a l  damage over  the  a c t i v e  genome may be measured, and dominant and r e -  

cess ive  l e t h a l  damage, i n  a d d i t i o n  a t  the  ad-3 region,  character ized,  these 

methods a re  t ime consumi ng and r e q u i r e  considerable expe r t i se  ( f o r  rev iew , 
see re f .  66). For screening purposes, . s t r a i n  12 con ta in ing  a heterokaryon 

heterozygous f o r  two pu rp le  ad-3 genes, ad-3A .and ad-3B,. is used t o  de tec t  



forward mutations.and deletions (65, 66, 159). After the chemical is tested 

for cell killing, large flasks are inoculated with;conidia and treated with 

the chemical at different survival levels: Untreated'conidia serve as con- 

trols.. A point mutation in either of the two, loci or a de'letion of one or 
both loci results in an adenine-requiring colony which, because it accumu- 

lates purple pigment in the mycelium, is readily distinguished from white 
wild types. This organism has been used with microsoma1 fractions (1 56, 
157, 193) and in host-mediated assays (120, 158, 177). 

2) Higher Plants 

A wide .variety of plants and plant ce1.l~ have been used to monitor chem- 

ical mutagens, including Arabidopsis thal iana, barley (Hordeum vulgare) , 
Crepis capillari s, Li 1 ium, maize (Zea - mays), onion (A1 1 ium) , peas (Pisum 
sativum), soybean (Glycine - max) , tobacco (Nicotiana tabacum) , tomato 
(Lycopersicon) , Tradescantia pal udosa, and -- Vicia faba (188, 255). Recent 

reviews are by Ehrenberg (79), and Nilan and Vig (188). Likewise, the types 

of genetic damage are diverse: intragenic and extragenic mutations (not well 

characterized), subchromatid aberrations and gaps, chromosome and chromatid 

structural alterations, somatic crossing-over and recombinations, nondis- 

junction (aneuploidy) , and euploidy. The more important and promising plant 

testing systems may be divided as follows: 

a) Mu1 ticel 1 ular. Generally, seed, pollen, or roots are treated. 

Plants from these sources are scored for somatic or genetic mutations, or 

mitotic or meiotic chromosome aberratiur~s,. in M I  or M2 generations. For 

example, spots appearing on the leaves of soybean varieties T219 and L65-1237 

are considered to i.ndi.cate somatic crossi ng-over, nondis junction, segmental 

losses and/or point mutations (255). Other plants in which leaf spot soma- 

tic mosaicism is produced include tobacco, maize (Yz2 locus), the garden pea, 

Arbaidopsis (188), and wheat and other polyploids (79). A plant having great 
potential for monitoring gaseous chemicals such as some air pollutants is 
Tradescantia. Heterozygous blue s.tamen hairs and petals are exposed to the 

test compound with pink and colorless cells are scored as mutants. It is 

thought that the color change indicates chromosome breakage, gene mutation, 

chromosome nondis junction, or somatic crossinglover (235, 250). 



In addition to somatic mosaicism, genetic mutations may be determined 

according to morphological alterations. Chlorophyll-deficient mutants are 

particularly useful because they are produced by many loci - (most not yet 

mapped), and two particularly important plants for such testing are. barley 

and Arabidopsis (79, 188). 
Genetic damage may be detected through cytological examination o f  

chromosomes in addition to morphological alterations. Mitotic cells in 

roots, embryonic shoots, microspores, and pol len tubes have been studies and 

Vicia faba (broad or horse bean), Allium cepa. (common onion), and Allium -- 
proliferum (tree 0nio.n) root tips have been particularly useful (137). 

Meiotic cells may a1 so be studies; one method involves fixing flower buds 

and then squashing them in acetocarmine stain to examine meiotic events 

b )  Single Cell. The use of pollen and somatic-cell cultures seems to 

be particularly promising because they may provide information on plant mu- 

tagenesis comparable to that provided by microorganism and mammalian cell 

systems. In addition, whole may be generated and analyzed from these 

cell s (188). Pol 1 en is parti cul.arly advantageous because it. is produced in : 

large numbers and, being haploid, may express both dominant and recessive 

mutatjons (79). Two major characters studies are pollen sel f-incompati bi 1 i ty 
and waxiness. Microspore or pollen-tube mitosis may be studied cytologically. 

for chromosome aberrations (188). 

The advantages of plants are, then, that they detect a broad range of 

types of genetic damage, are inexpensive and relatively simple to use, and, 

especially in the case of seeds, can be subject to a broad range of environ- 

mental conditions. Ehrenberg has suggested future plant tests that may be 

particularly relevant to human .exposure: examination of gene dupl ication, 

heterochromatin damage, and secondary chemical and physiocochemical changes 

following primary alkylation of DNA, as well as detection of weak mutagens 
and their mu1 tiple, additive, and synergistic effects (79). 

The disadvantages of plant systems include the following: First, one- 

third of a1 1 angios-perms are, polyploids and thus fundamental ly different 
from mammals. Second, little is known about the actual nature'of many in-' 

duced genetic a1 terations. Third, and most important is the difficulty in 



extrapolating from plant 'material to ,  man. L i t t l e  progress has been made in 

the problems of imp1 ementing the' three major systems fo r  metabol i c activa- 

tion. However, the fac t  that plants themselves may metabolically ac t iva te .  

compounds, in parti 'cular components of f e r t i  1 izers ,  pesticides,  and herbi - 
cides, to  ultimate mutagens or carcinogens recently has become recognized 

(276). Systems detecting these products are  be'i.ng developed. For example, 

in one t e s t  system using maize, 'pollen i s  scored, root t i p s  a re  examined 

cytol.ogically; in another system some treated plant material i s  lyophilyzed 

and tested in bacteria and yeast .mutagenicity assays (102). 

3)  .Insects 

Three types of insects are  predominant in mutagenesis testing: Droso- 

phi la ( f r u i t  f l y )  , Habrobracon (paras i t ic  wasp), and Bombyx mori ( s i  1 kworm) . 

a)  Drosophila. Drosophila i s  by f a r  the most widely used insect for 

screening mutagens and carcinogens (1,  86, 144, 169, 231, 233, 254, 257-260); 

I t  i s  claimed that  the most rapid and re l iab le  short-term whole-animal t e s t s  

ut i  1 ize  th i s  organism (258,. 270). One of the. principal. organisms used in 

both fundamenta.1 and appl i ed genetics, i t  i s  extremely we1 1 characterized, 

and th i s  makes possible screening for  the to ta l  spectrum of genetic effects :  

forward and reverse mutations and-small deletions,  dominant o r  recessive 

mutations, translocation, crossi ng-over, par t ia l  o r  whole chromosome loss ,, 
and nondisjunction ( for  recent reviews, see re fs .  260 and 270). Of the con- 

siderable number of t e s t s  available fo r  screening purposes, the dominant 

lethal assay is. the f a s t e s t ,  b u t  i t  also detects many. nongenetic e f f e c t s .  ( for  

a more detailed discussion, see re f .  260). This review.wil1 discuss only the 

most re1 iable and widely used screening t e s t ,  the sex-1 inked recessive lethal 

assay (1) .  

In th i s  t e s t ,  originally developed by H .  J .  Muller, standard wild-type 

s t ra ins  such as Canton-S or Oregon-R are used, and the procedure generally 

runs as follows (see Fig. 1,  p .  265 of r e f .  1 ) : (1 ) treated males a re  crossed 

w i t h  females homozygous fo r  a balance ( IngB) chromosome lacking a recessive 

lethal mutant (see ref .  1 fo r  explanation); (2)  F1 females heterozygous for 

the t reated->(  chromosome and the balance chromosome are  then mated with males 

from the same (parental fe~nale) stock; and ( 3 )  the F2. generation i s  studied-- 

cultures 1 acking normal -eyed (non-Bar) ma1 es '  r e f l ec t  treated X chromosomes 



carrying one or more sex-linked recessive lethal mutants. Taking into ac- , 

count the precision with which a great number of loci have been characterized 

on the four chromosome pairs the usefulness of Drosophila becomes apparent. . 

Notably, it is a1 so this organism that revealed discrepancies (discussed 

above) between the induction of mutations and chromosome aberrations (231 , 
234, 257, 260). Whi1.e the problem of extrapolating to man always remains, 

Drosophi 1.a has correctly detected 55 indirectly acting carcinogens, . . and .it 

is therefore capable of providing .the same activation reactions as mammalian 

1 iver fractions (258) in'addi tion to detecting short-1 ived activation pro- 

ducts to some extent. Tests of interest which have been developed recently 

for. Drosophila include one that may illuminate the mechanisms of nondisjunc- 

tion and another that quickly detects high yields of chromosome aberrations 

in one generation (233). 

While chemicals are generally administered to Drosophila through direct 

feeding or injection (the former generally being m0r.e effective than the 

latter), Vergburgt and Vogel (254) describe inhalation experiments involving 

exposure to vinyl chloride. Despite the danger of spiracle-closing by the 

test organisms (I), this route of exposure may prove particularly useful for 

assaying chemicals at concentrations and mixtures relevant to human exposure. 

Thus, large numbers of organisms having short generation times may be tested 

quickly and economically. Also the combination of Drosophila with mammalian 

ti ssue homogenates (270), i ntraperi toneal fluid, blood plasma, and urine 

(144) indicates the Drosophi 1 a test wi 11 soon become even more appl icable to 
use in testing for carcinogens in humans. Drosophila seems to be the ideal 

organism for verifying the results of 'quicker bacterial assays, and providing 

a screen for higher level testing. In light of the above, the suggestion 

should be seriously considered that while a chemical not mutagenic for 
Drosophila may be so for man, it should be assumed, until proven otherwise, 

that chemicals mutagenic for Drosophila are mutagenic for man, (1 

a b) Habrobracon. This wasp reveals many of the same types of genetic 

damage as Drosophila, and its use for detection of these lesions has .been 

reviewed by Smith and von Borstel (230). Topical applications of test agents, 

as we1 1 as the usual methods used in ~roso~hila, a1 low translocations, 

recessive 1 ethal mutations', and dominant. 1 ethal mutations (particularly 

rapid and reliable) to be detected using sperm, cells in oogenesis, and eggs. 



c )  Bombyx mori . P a r t i c u l a r l y  useful f o r  t e s t i n g  weak mutagens, t h i s  

si lkworm has been used e s p e c i a l l y  i n  a dapanese program screening food addi-  

t i v e s  and o ther  compounds (191, 248). A given compound i s  i n j e c t e d  i n t o  

w i ld - type females a t  a midpupal stage, and i s  thus incorporated i n t o  the 

developing oocyte. I f  egg c o l o r  i s  changed, mutagenic i ty  i s  indi 'cated (248). 



V .  MAMMAL1,AN TESTS 

A) In Vitro -- 
The ultimate purpose of short-term screening with submammalian systems 

is to obtain chemico-biological information that can be extrapolated to 

higher. mammal ian organisms; particularly humans. Thus, it is important to 

understand the differences between mammalian- and submammalian cells and 

organisms that are relevant to the end point responses of genetic toxicology. 

Malling (160) lists six unique features of human and other mammalian organ-' 

isms: (1) their relali vely h lyh  content o f  repetitive DNA, (2) mutagenical ly- 

active immunol ogjcal mechanisms , (3) mutagenesi s that may be induced by virus 
particles occurring only in mammalian cells, (4) unique susceptibility to 
particulate materials that may liberate and/or activate enzymes to interact 

with DNA, (5) unique DNA repair mechanisms, (6) differences within the .or- 

ganism as to cell type and staqe, These different hinlngical f~attrrrls 

restrict the validity of extrapolations from submammalian organisms to 

mammals including man. Thus, the role for mammalian test systems is apparent 

and real. A number of test organisms .and end points are in use. 

1 ) Cell Transformati on. The advantages of study1 ng oncogenesi s in 

well-controlled tissue culture systems has long been recognized, and Berwald 

and Sachs were the first to develop a quantitative cell transformatJon assay 

(19). They showed that hamster embryo cells treated wS t l ~  pulycycl lc  aro- 

matic hydrocarbons piled up in cross patterns in contrast to control colonies 

and also gave rise to sarcomas when inoculated intn hamsters. The great 

promise of this type of assay is reflected b.y the considerable number of 

recent improvements in its methodology (43, 44, 47, 67, 69, 70, 85, 115, 134, 
161, 162, 206, 266--for reviews, see 42 and 114). Pienta's study of 58 com- 

pounds (200) showed a very hi gh correl at ion between carci nogenici ty and cell 

transformation. Other studies showed that transformation assays can detect 

carcinogens almost as well as bacterial mutagenicity tests (30, 68). A 

more recent study has demonstrated. a transformation test that is claimed to 

be as r:el iable as bacte~fal assays (206). 

However, cell transformation assays are not without shortcomings (for 

an excellent discussion, see ref. 96). Technically, cell lines may be hard 

to maintain and may show a high spontaneous rate of transformation. Also, 



many experiments have been c r i t i c i z e d  because c e l l  s  were t reated fo r  1 ong 

periods of time before being "transformed" [Di Mayorca, however, reports  a 

method involving shor t  treatments followed by cloning (71 )].  The most 

onerous problem, however, i s  determining .what c e l l  transformation i s  and 

dist inguishing i t  from other  phenomena. Freeman and Huebner (96) have de- 

fined transformation as  " the  acquis i t ion of a s e r i e s  of abnormal phenotypic 

charac te r i s t i cs  i n  a  ce l l  cu l tu re  t h a t  exhibi ts  normal charac te r i s t i cs  under 

normal condit ions," and l i s t  the following markers: "changes in  morphology 

( ce l l  type, colony type, loss  of contact inh ib i t ion ,  loss  of ce l l  or ienta-  

t ion ,  increased number of nucleol i  , changes in nuclear-cytoplasmic r a t i o )  , 
increased sa turat ion densi ty ,  chromosomal aberra t ion,  loss  of anchorage de- 

pendence, immortality in cu l tu re ,  and a b i l i t y  t o  produce tumors i n  animals." 

The l a s t  point i s  taken t o  be the  most r e l i a b l e  indicator  of carcinogenicity,  

and few transformed c e l l s  a r e  characterized by a l l  of the  above c r i t e r i a .  

In actual  experiments, mu1 t i l a y e r  clone p i les  ( l o s s  of contact  i nh ib i t i on ) ,  

o r  growth in  s o f t  agar commonly indicate  transformation (266). 

Typically, a  c e l l  transformation experiment wil l  be performed as 

follows: c e l l s  a r e  plated in Petri  dishes ( f l a sks  a re  a l so  used) i n  two con- 

centra t ions ,  one t o  t e s t  f o r  survival (cloning or  p la t ing efficiency--% 100 

c e l l s )  and another t o  de tec t  transformation ( Q  2 x 102 t o  103) .  On the  fo l -  

lowing day the  t e s t  agent, i n  solution and i n  d i f f e r en t  concentrations f o r  

d i f f e r en t  p la tes ,  i s  added. One t o  two days l a t e r ,  t r ea ted  and control c e l l s  

a re  washed w i t h  a  medium change, and subsequent medium changes a r e  made bi -  

weekly. Cells plated f o r  survival a r e  generally scored one t o  two weeks 

l a t e r .  The time a t  which the c e l l s  a r e  tes ted f o r  transformation var ies  

g rea t ly ,  b u t  i s  generally between 2 t o  5 weeks. Usually ce l l  transformation 

work i s  done with ep i t he l i a l  o r  f ib rob las t  c e l l  types. 

a )  Fibroblast  c e l l s .  Most work and prac t ica l ly  a l l  technical advances 

have been w i t h  f ib rob las t  and f ib rob las t - l ike  c e l l s .  Hamster embryo c e l l s ,  

used i n  the  or iginal  Berwald and Sachs assay, and developed recently by the  

group of Casto and DiPaolo, in the par t i cu la r ,  a r e  used widely (43, 44, 67, 

69) .  DiPaolo and Casto add a vi rus ,  usually the oncogenic Simian adenovirus 

7 (SA7), t o  the hamster c e l l s  before o r  a f t e r  chemical treatment of the  c e l l s ,  

and t e s t  f o r  v i ra l  transformation (43).  Much of t h e i r  work involves studying 

synergis t ic  e f f ec t s  o f  viruses,  chemicals , and radiation i n  producing cancer 

(42, 67, 97).  They have tes ted metals using t h i s  system (44) ,  and have a l so  



developed a "host mediated ---- in vivo-in vi t ro"  assay which incorporates meta- 

bolic activation by t reat ing female Syrian hamsters in midgestation, excising 

the embryos, and culturing the embryonic ce l l s  t o  t e s t  fo r  transformation 

(69).  Two mouse f ibroblast  cell  1 ines commonly used are Bal b/3T3 (70, 11 5, 

134) and C3H/10T1/2 (115, 161, 162). The l a t t e r  seems particularly useful 

because of i t s  low spontaneous transformation ra te ,  and metabolic activation 

systems f o r  t h i s  l ine  include 1 iver homogenates (115) and r a t  apd mouse 

feeder ce l l s  (161). Rat embryo f ibroblasts  (67) and guinea pig f e t a l  ce l l s  

(85) have also been u t i l ized ,  although the l a t t e r  may need a long time for  

indication of transformation and cannot necessarily produce tumors when 

transformed. , , 

b) Epithcl ia l  ce l l s ,  Since a great majnr.it.y (nv r r*  85%) uf hi~n~an can- 

cers a re  carcinomas (from epi thel ia l  c e l l s )  rather than sarcomas (ar is ing 

from f ibroblast  t i s sues ) ,  i t  seems necessary to  develop systems fo r  tes t ing 

epi thel ia l  cell  transformation. Such systems are  d i f f i c u l t  t o  construct, how- 

ever, for  the following reasons: (1 )  epi thel ia l  ce l l  l ines  are  d i f f i c u l t  t o  

maintain in a different iated s t a t e ;  ( 2 )  there may be a long period between 

exposure to  the chemical and actual transformation; (3) i t  i s  impossible to  

determine when morphological transformation has taken place, and a culture 

must be tested by inoculation into l ivers  of l iving rodents. Generally, 

ep i the l ia l  ce l l s  from the r a t  l i ve r  are  used, b u t  no such systems are yet 

sui table  for  routine screening (266) .  Another recently developed and prom- 

is ing cel l  transformation t e s t  not yet ready for screening purposes involves 

the detection of a l tered cytoskeletal patterns through anti-actin and ant i -  

tubul in immunofl uorescence (32, 98). Another promi sing epi thel ia l  cel l  

system tha t  may have application t o  carcinogenic screening has been developed 

from a ce l l  l ine derived from a teratoma (209). 

In summary, while cel l  transformation tes  Ling rrrettruduluyy  rust be va91- 

dated and standardized (as  to  end points in par t icu lar ) ,  constant improve- 

ments will most cer tainly insure tha t  t h i s  assay will be a vi ta l  and integral 

part  of future screening programs. 

2 )  Cell-mediated mutagenesis. Rapid developments in recent years in 

the f i e l d  of mammalian somatic ce l l  genetics have produced a number of short- 

term t e s t s  which may provide a valuable bridge between microorganism and 

whole mammal assays. The four principal types of end points used t o  detect 



both forward and reverse mutations are morphological, biochemical, serologi- 

cal, and radiation-sensi tive markers. (46) ; those general ly used for the two 

cell lines described below involve drug resistance a.nd absence or presence 

of the enzyme ,HGPRT (hypoxanthine-guanine phosphori bosyl transferase) , a 
system which Szyba1,ski and Szybalska (244) first developed using the human 

cell 1 ine D98. This enzyme a1 lows cell s, through ribose phosphorylation, 

to utilize hypozanthine and guanine (and their analogs) such as the drug 

8-azaguanine (8-azg) . The HGPRT gene is particularly suitable because it 

is X-1 inked and thus functional ly haploid (hemi zygous) in mammalian cell s. 
The experimental design for cell mutagenesis testing is similar in many 

ways to that of cell transformation assays. Petri plates or liquid suspen- 

sions, including the fluctuation test, are utilized, and the compound is 

added to cells being tested for both survival or mutation, before or after 

plating or placement in suspension. In contrast to the transformation 
~, assays, cells may be treated for only one to several hours, the medium 

changed, and after an appropriate expression to allow for fixation and ex- 

pression of the mutant phenotype, the selective agent (e.g., 8-azg) added 

for up to several days. In 8 to 10 days after treatment colonies are 

scored for mutations. Generally, the HGPRT locus is exploited through the 

use of two cell lines, Chinese Hamster V79 and mouse lymphoma L51787. 

a) Chinese Hamster V79 Cells. Huberman has done much recent testing 

of polycyclic aromatic hydrocarbons requiring metabolic activation for muta- 

geni ci ty and carcinogenicity (1 22-1 25) ; cell s are scored for 8-azg resistance, 
and metabolic activation is adequately provided by lethally irradiated rodent 

embryo "feeder" ce-I 1 s . Three othcr markers, temperature resistance (1 23) , 
ouabai n resistance (1 0, 123), and 6-thioguanine (6-TG) resistance (141 , 192), 

are also being employed. Arlett -- et al. have compared ouabain and 8-azg re- 

sistance, finding general agreement between the two end points, but better 

detection of many weak mutagens, with less intrinsic variability, by the 

former. They conclude that the two systems should complement one another 

(10). Krahn and Heidelber~yer (141), testing polycyclic aromatic hydrocarbons 

and aflatoxins, have included the S-9 fraction to detect 6-TG resistance, 

and O'Neill and Hsie have quantified the detection of this form of resistance 

(1 92). 



b)  Mouse lymphoma L51787. C l i v e  -- e t  a l .  descr ibe the  use o f  t he  HGPRT 

locus  w i t h  t h i s  c e l l  l i n e  (49),  compare i t s  u t i l i t y  t o  t h a t  o f  t he  enzyme 

thymidine kinase (TK) locus  (49, 50), and conclude the  l a t t e r  i s  more s u i t -  

ab le .  The TK locus de tec ts  weak mutagens (49) ,  poss ib l y  even th resho ld  

l e v e l s ,  and i nvo l ves  cons iderab ly  l e s s  l abo r  (266). F ischer  and h i s  group 

(91 , 92) have l ong  been developing a host-medi a ted  assay w i t h  t h i s  c e l l  1  ine ,  

us ing  res i s tance  t o  methotrexate, arabinoside, and. h igh  concentrat ions o f  

thymidine t o  d e t e c t  forward mutat ions.  

3) DNA r e p a i r .  The c o r r e l a t i o n s  among pr imary DNA damage, mut~gene- 

s i s ,  chromosome aber ra t ions ,  and carcinogenesis have been discussed above. 

The f a c t  t h a t  almost a l l  DNA-damaging agents w i t h  the  except ion o f  some i n -  

t e r c a l a t o r s  and r~retal  carcinogens show evidence o f  a r e p a i r  e f f e c t  (208) 

i n d i c a t e s  t h a t  t he  development o f  t e s t s  f o r  DNA r e p a i r  capac i ty  may have 

re levance t o  t e s t s  f o r  gene t i c  damage and carcinogenesis. Another l i n e  o f  

evidence f o r  the  importance o f  r e p a i r  i s  the  f a c t  t he  c e l l s  o f  i n d i v i d u a l s  

having the  h e r e d i t a r y  disease xeroderma pigmentosum (XP) (which causes sen- 

s i t i v i t y  t o  UV and i s  c o r r e l a t e d  w i t h  a h igh  inc idence o f  s k i n  cancer) a r e  

d e f i c i e n t  i n  the  r e p a i r  o f  UV-induced DNA damage (208, 222). Mnzt r a p i d  DNA 

r e p a i r  assays u t i l i z e  human c e l l s .  S t i c h  (238) emphasizes t h a t  w h i l e  micro- 

b i o l o g i c a l  systems and Drosophi la a re  b e t t e r  f o r  a c t u a l l y  de tec t rng  mutagenic 

and carc inogenic compounds, these assays should l o g i c a l  l y  be developed t o  

assess the  ac tua l  hazards o f  these compounds t o  human hea l th .  Regan and 

Set low (208) have reviewed the  f o l l o w i n g  DNA r e p a i r  assays: unscheduled DNA 

synthes is  (UDS) , thymidine uptake, r e p a i r  rep1 i c a t i o n ,  e x i c i  s i on  o f  UV- 

induced py r im id ine  dimers, and p h o t o l y s i s  o f  5-bromodeoxyuridine. Th is  

rev iew w i l l  concentrate nn desc r ib ing  and eva lua t l ng  the  most w ide l y  used 

system, unscheduled DNA synthesis .  

The UDS assay, o r i g i n a l l y  developed by Rasmussen and Painter. ,(207), has 

been updated by S t i c h  and co-workers (21 5, 236, 238, 240). The procedure, 

descr ibed by San and S t i c h  (21 5), i s  descr ibed as fo l l ows :  c e l l s  f rom nor-  

mal humans o r  f rom p a t i e n t s  w i t h  diseases such as XP a re  f i r s t  subjected t o  

s u r v i v a l  t e s t s  t o  determine t h e  proper  concent ra t ion  o f  compound t o  be added. 

For t h e  DNA r e p a i r  assay, t h e i r  d i v i s i o n  i s  i n h i b i t e d  so t h a t  normal DNA 
, 

syn thes is  i s  no t  confused w i t h  r e p a i r  synthesis .  D i f f e r e n t  concentrat ions 

o f  t he  chemical a r e  added, genera l l y  f o r  1-1/2 t o  5 hours, and t r i t i a t e d  



thymidine (3HTdR) i s  added simultaneously w i th ,  o r  immediately fo l l ow ing ,  

chemical exposure. Autoradi ograms are prepared ( t h i s  may take several days) 

which reveal  h e a v i l y  labe led nuc le i  i n  the  S phase and l i g h t l y  labe led ('5 t o  
* 

40 s i  7 ver  gra ins  per  d i p l o i d  nucleus above background) nuc le i  which represent  

nonscheduled r e p a i r  synthesis o f  DNA. This t e s t  has been va l i da ted  w i t h  over 

100 compounds f o r  de tec t i ng  carcinogens (240). Further,  i t  does no t  de tec t  

s u b s t i t u t i n g  compounds (e.g., BUdR), o r  i n t e r c a l a t i n g  agents. (e.g., eth id ium 

bromide) which a re  mutagens bu t  supposedly n o t  carcinogens (238). Tonomura 

and Sasaki , us ing normal and XP human c e l l s  , have demonstrated. a good cor re-  

l a t i o n  between chromosome aber ra t i on  and unscheduled DNA synthesis (249). 

The UDS assay i s  promising because small' numbers  of^ c e l l s  can be used, 

a broad.range o f  DNA damage i s  detected, and cu l tu red  c e l l s ,  b iopsy ma te r ia l ,  

o r  per iphera l  lymphocytes (146) may be used. This a b i l i t y  t o  t e s t  a v a r i e t y  

of mater ia ls ,  i n  p a r t i c u l a r ,  makes poss ib le  t h e  assessments o f  human expo- 

sure and the  comparisons o f  d i f f e r e n t  human populat ions and subpopulations. 

Nevertheless, t h i s  t e s t  a l so  has i t s  shortcomings. Technical ly ,  i t  may take 

t ime t o  determine the  proper concentrat ion and t ime exposure o f  t he  compound 

t o  be appl ied.  The poss ib le  modes o f  DNA-compound i n t e r a c t i o n s  t r i g g e r i n g  

r e p a i r  are as y e t  unknown. Unscheduled DNA synthesis may b e  a f f e c t e d  by 

o ther  f a c t o r s  such as i n h i b i t i o n  o f  r e p a i r  enzymes, a.gene defec t ,  a change 

i n  3HTdR uptake. . F i n a l l y ,  there  reami ns, even w i t h  human c e l l s  , the  problem 

o f  metabol ic  a c t i v a t i o n .  Human c e l l s  i n  v i t r o  may a c t i v a t e  on ly  c e r t a i n  com- 

pounds, and f o r  t h i s  reason both the  S-9 mixtures (215) and the  host-mediated 

assay (237) have been combined w i t h  unscheduled DNA synthesis assays. 

The UDS assay i s  o f t e n  'used i n  combination w i t h  a more d i r e c t  method o f  

determining DNA damage, such as DNA fragmentat ion (239, 240) o r  a1 ka l  i n e  

sucrose gradients (197). The UDS assay i s ,  however, l e s s  sens i t i ve ,  very 

q u a l i t a t i v e ,  and can g i ve  f a l s e  r e s u l t s  (238). Two o f  t he  o ther  more i m -  

p o r t a n t  r e p a i r  assays are  r e p a i r  rep1 i c a t i o n  (208) and 5-bromodeoxyuridi ne 

photo lys is  (208,222). Pa in te r  has r e c e n t l y  developed a novel assay i n  which 

a decrease i n  DNA synthesls i n  human HeLa c e l l s ,  as measured by thymidine 

uptake f o l l o w i n g  treatment by a t e s t  chemical, , r e f l e c t s  damage t o  DNA (194). . 

Although many DNA r e p a i r  t e s t s  are c u r r e n t l y  operable,'most need f u r t h e r  

refinement, and the  on ly  such assay being used i n  a number o f  screening pro- 

grams i s  the  unscheduled DNA s y n t . h ~ s i s  test . .  
r, 
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4) Chromosome aber ra t ions .  Short - term screening t e s t s  d e t e c t i n g  

chromosome a b e r r a t i o n  may be made -- i n  v i t r o  o r  -- i n  v ivo .  Recent reviews are  by 

Cohen and Hirschhorn (51 ) , Evans (84), Russel 1  (21 3), and Savage (21 7) .  A  

g rea t  v a r i e t y  o f  aber ra t ions ,  numerical and s t r u c t u r a l  (bo th  chromatid and 

chromosome types),  can be detected a t  d i f f e r e n t  p a r t s  o f  the  c e l l  c y c l e  and 

a t  nuc lear  d i v i s i o n ,  p r i n c i p a l l y  a t  metaphase, anaphase, and in terphase.  

(1 )  Metaphase: This  i s  t r a d i t i o n a l l y  t he  phase i n  which chromosomes a re  

scored, and prov ides d e t a i l e d  i n fo rma t ion  on the  types o f  chromosomal ab- 

n o r m a l i t i e s  and on a s c e r t a i n i n g  which p a r t  o f  the  c e l l  cyc le  i s  being a f -  

fec ted .  However, t h i s  c l a s s i f i c a t i o n  o f  aber ra t ions  i s  t ime consuming and 

requ i res  experienced personnel even when expensive automated image process- 

i n g  devices are  employed. S i s t e r  chromatid exchanges (SCE) (describeil I i r l r l w )  

are  detected i n  t h i s  phase and are s e n s i t i v e  i n d i c a t o r s  o f  damage. (2 )  - Ana- 

phase: Although d i s c r i m i n a t i n g  poo r l y  between abe r ra t i on  types, observat ions 

a t  t h i s  phase a r e  f a s t  and s imple and nray de tec t  e f f e c t s  on the  sp ind le  

apparatus. Analys is  a t  t h i s  phase detec ts  on l y  a  f r a c t i o n  o f  t he  aber ra t ions  

de tec ted  i n  rnetaphase, and mistakes i n  scor ing  can e a s i l y  be made ( f o r  

example, mis tak ing  a  l agg ing  s h o r t  chromosome f o r  a  fragment). (3)  I n t e r -  

phase: Mic ronuc le i ,  descr ibed and evaluated below w i t h  the  n t h e r  -- i n  v i v o  

bone marrow tes ts ,  may be detected i n  t h i s  phase. 

Despi te the  f a c t  -- i n  v i v o  and -.-- i n  L v i t r o  - short - te rm chromosome aber ra t i on  

screerl*ing t e s t s  a r e  among the  most commonly employed, they do have s i g n i f i -  

cant  disadvantages. It has a l ready  been noted t h a t  (1)  scor ing  i s  genera l l y  

o n l y  q u a l i t a t i v e ,  and i t  may be d i f f i c u l t  t o  determine c e r t a i n  aberrat ions,  

and (2)  Lhese methods may be very i n s e n s i t i v e ,  and do n o t  necessar i l y  cor re-  

l d t e  we1 1  w i t h  o the r  end po in t s ,  showing many f a l s e  negat ives i n  mutagen ic i ty  

t e s t i n g ,  and nlany fa1 se p o s i t i v e s  i n  c a r c i n o g e n i c i t y  t e s t i n g .  The use o f  

abnormal aneuplo id c e l l  l i n e s .  such as HeLa c e l l s ,  has been c r i t i c i ~ e d  by 

some w n r k ~ r s  (268). 

Rapid -- i n  v i t r o  c y t o l o g i c a l  t e s t i n g  may be d i v ided  i n t o  two ca tegor ies  

according t o  the type aber ra t ions  scored: gross chromosome aber ra t ions  and 

s i s t e r  chromatid exchanges. 

a) Gross chromosome aber ra t ions .  Two types o f  c e l l s  a re  most f r e -  

quen t l y  used, Chinese hamster (128, 271 ) and smal l  lymphocytes i n  pe r iphe ra l  

b lood (190, 271). I s h i d a t e  and Odashima descr ibe a  se r ies  o f  experiments i n  

which a  sub l i ne  o f  a  Chinese hamster f i b r o b l a s t  c e l l  l i n e  i s  subjected t o  134 



chemicals; slide preparations are made 24 and 48 hours after treatment, and 
metaphases are analyzed (1 28). Small lymphocytes of peripheral blood are 
the most widely used cell type in both -- in vitro and in vivo cytogenetic 
assays. Zharkov and Yakovenko (269) note that the use of these cells in 
vitro is quite simple, can be combined with a wide range of concentrations 
of chemicals, in contrast to in vivo testing, and,. in the case of short-term 
cultures, is a good model of human tissue. They make several recommendations 
for the use of this method, and conclude that since these cells cannot detect 
clastogens requiring metabolic activation, they should be complemented by- 
in vlvo bone marrow assays. [Any agent which can cause chromosome breaks -- 
and aberrations is termed a clastogen by Shaw (224)l. 

b )  Sister chromatid exchange. As noted above, sister chromatid ex- 
change, a reciprocal and symmetrical exchange at homogenous loci between 
sister chromatids, is quicker and perhaps easier to detect than other meta- 
phase changes. The pehnomenon was originally discovered in plant somatic 
cells by Taylor (247), and the assay has developed to the point of being 
more sensitive and quantitative than the other metaphase assays, and can be 
used both in vitro and in vivo. In -- in vitro tests, Chinese hamster (198) or 
human cells have generally been used. More recent techniques do not use 
autoradiography and radioisotopes: treated cells are grown in a medium con- 
tai ning 5-bromodeoxyuridine for two rounds of rep1 i cati on so that one chro- 
matid is substituted unifilarly while the other is busstituted bifilarly. 
In the fluorochrome plus Giemsa (FP6) technique of Perry and Wolff (199), 
these stained strains are then applied to the "cold" culture medium, with 
the result that the two chromatids stain differentially and SCE is detected. 

Despite its numerous advantages the SCE assay still required validation. 
It must be remembered that SCE is but one type of aberration, and it remains 
to be determined how well it correlates with the majority of chromatid and 
chromosome aberrations. 

B. In Vivo 

A considerable number of in vivo tests, notably the dominant lethal (17), 
specific locus mutation (45), and heritable translocation (145) assays, are 
used in testing for genetic damage and cancer, but are not dealt with in this 
revicw because they are too expensive and time consuming to be considered for 
short-term screening purposes. In contrast to the in vitro methods, which 
have been developed to screen new compounds or detect carcinogenic or genetic 



hazards i n  complex mix tures  such as a i r  p o l l u t i o n ,  shor t - te rm -- i n  v i v ~  assays 

measuring chromosome aber ra t ions  a re  employed t o  moni t o r  human populat ions 

f o r  genet ic  damage. 

For example, K i l  i a n  and .Picc iano (138) descr ibe methods f o r  mon i to r ing  

i n d u s t r i a l  populat ions through blood sampling o f  i n d i v i d u a l s  a t  r e g u l a r  . . 

i n t e r v a l s ,  f o l l owed  by metaphase ana lys i s  o f  whole b lood samples, and t h e  

use o f  computers t o  analyze r e s u l t s .  . General ly,  however, when b lood samples 

a r e  taken, c e l l s  f rom t h e  lymphopoiet ic  system (84, 147) or,  espec ia l l y ,  

smal l  leukocytes o f  t he  pe r iphe ra l  b lood (18, 180, 190) a re  analyzed. ,When 

used f o r  mon i to r i ng  purposes, such analyses i n v o l v e  many compl icat ions,  such 

as d i f f i c u l t i e s . i n  assess~ing dosage, metabo l ic  a c t i v a t i o n  o r  i n a c t i v a t i o n ,  

t he  problems o f  s u i t a b l e  con t ro l s ,  and t h e .  s y n e r g i s t i c  e f f e c t s  found i n  the  

complcx mix tures  u f  compnunds i n  t he  cnvironment. 

I n  v i v o  t e s t s  developed t o  d e t e c t  s p e c i f i c  clastogens have been prov ided -- 
w i t h  var ious  forms o f  metabo l ic  act ivat ion:  Brewen describes a host-mediated 

cy togenet ic  .assay ' i n  which f r e s h l y  drawn 'human per iphera l  1.ymphocytes are  

prepared and .s l ipped i n t o  the  pe r i t onea l  c a v i t y ,  o f  a rodent  host,  which i s  

then t r e a t e d  i n t ravenous ly  o r . . i n t r a p e r i t o n e a l l y  w i t h  t h e  t e s t  compound. Two 

t o  th ree  days l a t e r  t h e . c e l l s  a re  harvested f rom the  s a c r i f i c e d  hos t  and 

metaphase c e l l  s  a r e  analyzed (26) .  L i  1  l y  -- e t  a1 . describes a  procedure i n  

which a  r a t  i s  g iven the  t e s t  substance through i n t r a p e r i t o n e a l  i n j e c t i o n ,  

k i l . l e d  6 hours l a t e r ,  and lymphocytes withdrawn and p u t  i n t o  cu1t.ur'e. The 

metaphase chromosomes of lymphocytes, a re  subsequently analyzed, and the  use 

of the  SCE method i s  suggested (147). 

Bone marrow c e l l s  may a l s o  be separated from human o r  o t h e r  il~ans~al fan 
bone t o  be s tud ies  cy togene t i ca l  ly .  As w i t h  lymphocytes, ~netaphase (04, 216, 

218) and. anaphase (84, 218) analyses may be per fn rm~d ,  and a p a r t i c u l a r l y  

i n t e r e s t i n g  assay, developed by Schmid (219, 220), invo lves  the  de tec t i on  o f  
- .. 

i n te rphase rnicraonucleS. Ihe source o f  these mic ronuc le i  i s  chromatin tha t ,  

l agg ing  i n  anaphase, i s  i nc luded  i n  a  daughter c e l l .  This  m a t e r i a l  may form 

secondary nuc le i .  These, o r  "Howel l -Jo l l y  bodies," a re  bes t  detected i n  

young ery throcy tes  which have j u s t  expe l led  t h e i r  n u c l e i .  The t e s t  runs as 

fo l lows:  t he  mammal, u s u a l l y  a mouse, i s  g iven the  compound, and 30 hours 

a f t e r  t he  a d m i n i s t r a t i o n  t h e  animal i s  s a c r i f i c e d ,  marrow.-is taken from the  

femora, and t h e ' m a t e r i a l  i s  prepared f o r  v i s u a l  scor ing.  Th is  method i s  

qu i ck  and easy t o  implement, and i n  add i t i on ,  has the  f o l l o w i n g  advantages: 



detect i 'on o f  damage i s  n o t  l i m i t e d  t o  m i t o t i c  c e l l s ,  many c e l l s  can be scored, 

and d e t e c t i o n  o f  impairment o f  t he  sp ind le  apparatus i s  poss ib le .  L im i ta -  

t i o n s  o f  the micronucleus t e s t  a re  t h a t  compounds n o t  reaching t h e  bone 

marrow c e l l s  a r e  no t  detected and t h a t  the  t e s t  has n o t  been i n  use l ong  

enough t o  determine i t s  c o r r e l a t i o n  t o  metaphase and anaphase analyses. 

Goodman and co-workers have compared the  mutagenic e f f e c t s  o f  n i t r o f u r a n s  . . 

by the  micronucleus, Salmonel l a ,  and cy togenet ic  t e s t s  (104). 

Other p e r t i n e n t  -- i n  v i v o  cy togenet ic  t e s t s  i nc lude  the  well-known m i o t i c  

f l u i d  t e s t  and m e i t o i c  c e l l  (spermatocyte and oocyte) ana lys i s  (51).  The 

measurement o f .  DNA r e p a i r  synthesis  and DNA fragmentat ion, as discussed 

above, a l s o  prov ides -- i n  v i v o  genet ic  end po in t s .  

There are many r a p i d  -- i n  v i v o  t e s t s  charac ter ized by i n d i r e c t  i n d i c a t o r s .  

For example, t h e  imp lan t  (206) and mouse sebaceous gland t e s t s  (24) have 

been developed t o  de tec t  carcinogens. A promis ing t e s t  developed by Bruce 

i s  t he  sperm abnormal i t y  assay (37).  Important  because i t  de tec ts  a c t i v i t y  

w i t h i n  the  germ c e l l s  i n  v ivo,  i t  c o r r e l a t e s  w e l l  w i t h  micronucleus and 

Ames assays (113). Shaw's chromosome banding techniques have been used t o  

i d e n t i f y  presence o f  genet ic  diseases (225), and the  concept. o f  i d e n t i  f y i  ng 

a mutagenic e f f e c t  i n  t h i s  way i s  an i n t r i g u i n g  p o s s i b i l i t y .  

F i n a l l y ,  a l though t h i s  rev iew has concentrated on t e s t s  i n v o l v i n g  b i o -  

l o g i c a l  specimens and substances, t e s t s  based pu re l y  on ind4cat ions t h a t  a re  

n o t  b i o l o g i c a l  i n  o r i g i n  have been suggested. The c 0 n c e p t . i ~  based on the  

hypothesis t h a t  the  carc inogenic compounds.have c e r t a i n  chemical p r o p e r t i e s  

t h a t  a l l o w  them t o  produce a carc inogenic response i n  a b i o l o g i c a l  system 

(see r e f s .  155,. 171, 173). purchase and co-workers (206) found a c r i d i n e  

and i od ine  c o l o r  t e s t s  and a p i p e r i d i n e  a l k y l a t i o n  t e s t  t o  be unsu i tab le ,  

a l though they gave no s p e c i f i c  reason f o r  t h e i r  judgment. On the  o the r  hand, 

they found t h a t  t he  t e s t  o f  Wi l l iams and Rabin (267) c o r r e l a t e d  w e l l  w i t h  

known carcinogens and noncarcinogens. This  t e s t  i s  based on the  tendency o f  

carcinogens t o  degrade when placed I n assoc ia t i on  w i t h  hormone-dependent 

membranes con ta in ing  polysomes . I, 



V I .  DISCUSSION 

Having viewed the  advantages and disadvantages o f  t he  more prominent 

and promis ing shor t - te rm screening assays, o v e r a l l  probl.em-s and l i m i t a t i o n s  

i n  t h e i r  use can be assessed. The f o l l o w i n g  i s  d ' b r i e f  d iscuss ion  o f .  some 

o f  t he  major problems: 

1 )  Metabol ic  a c t i v a t i o n  and mutagen s p e c i f i c i t y .  This  problem has a l -  

ready been mentioned i n  d e t a i l  above. It may. be added t o  the  p resen ta t i on  

above t h a t  i n  a d d i t i o n  t o  t h e  above metabol ic  ac t i . va t ing  systems, Sugimura 

@t a l .  (243) have suggested Lhe use o f  a " c W k t a i l  m ix tu re "  n f  enzymes from -- 
var ious  sources t o  p rov ide  more adequate a c t i v a t i o n  and the  use o f  mix tu res  

o f  5-9 fr.crr.1'1 cl ifferent organs t o  determine organ s p e c i f i c i t y .  

2) End p o i n t  and t e s t  c o r r e l a t i o n s .  Of both bas ic  and app l i ed  i n t e r -  

es t ,  c o r r e l a t i o n s  (as w e l l  as v a l i d a t i o n s  o f  i n d i v i d u a l  systems) must be 

made through more comparative experiments i n v o l v i n g  a g rea te r  v a r i e t y  o f  com- 

pounds. To t h i s  end, Sobe l ' s  mod i f ied  "paral lelogram," i n  which d i f f e r e n t  

end p o i n t s  a re  compared a t  d i f f e r e n t  concentrat ions (234),  may be app l ied .  

3) C o r r e l a t i n g  observed and re1 evant e f f e c t s .  Auerbach I s  op in ion  t h a t  

p o i n t  mutat ions and smal l  d e l e t i o n s  a r e ' t h e  most re levan t  forms o f  genet ic  

damage (14) and t h e  importance o f  nond is junc t ion  a r e  discussed above. Pro- 

gress toward the  s o l u t i o n  of t h i s  problem requ i res  f u r t h e r  development o f  

shor t - te rm assays and research assessing r e l e v a n t  mechanisms 'and pathways of 

genet ic  damage. 

4) False p o s i t i v e s  and f a l s e  negat ives. It i s  impor tan t  t o  e l i m i n a t e  

as much as poss ib le  both these types of spur ious r e s u l t s .  False p o s i t i v e s  

may i n c o r r e c t l y  i n d i c t  use fu l  chemicals. Purchase -- e t  a1 . (206) have shown 

how i n  the  t e s t i n g  o f  1000 chemicals, 10 o f  which a re  carcinogens, an assay 

90% accurate w i l l  g i v e  108 p o s i t i v e s  ( o f  'which on l y  n ine  would be carc ino-  

gens), thus g i v i n g  99 f a l s e  p o s i t i v e  r e s u l t s .  The consequences o f  the  f a l s e  

negat ive  a r e  even more grave, i n  t h a t  f u r t h e r  t e s t i n g  seems n o t  t o  be i n d i -  

cated when i n  f a c t  i t  should be done. The e l i m i n a t i o n  o f  bo th  fa l se  pos i -  

t i v e s  and f a l s e  negat ives must be brought about through an. improvement of 
. . 



not just one, but a whole battery of short-term screening tests, and proper 
. .  verification with the longer-term whole mammal. tests and epidemiological 

studies. 

5) Quantitative determination of dosage effect. To help in establish- 
ing regulatory guidelines, dose-effect curves . . for chemicals must be estab- 
lished so that basic units may be used in determining exposure hazards. Two 

such units, the rate-doubling concentration and the rem-equivalent-chemical 
have been suggested (74). Both have been'roundly criticized (14, 232) be- 
cause present assay systems, in particular the short-term tests discussed 
above, provide only qua1 i tative information concerning the effects of com- 
pounds. 

6) Chemical synergi sm and antagonism. The interactions of chemicals 
in complex mixtures (81, 82, 83) must be considered. For example, an inac- 

,7'- tive chemical may activate or enhance the effects of another, or a chemical 
_, 

may inactivate a normally active chemical. 

7) Test improvement. . Short-term screening tests for mutagens and 
carcinogens must be improved and expanded in several ways. First, they must 
be able to detect a greater variety of compounds, including, for example, 
hormones, plastic films, etc. (243). Second, they must .be expanded to de- 
tect a broader spectrum of end points. Examples include cytogenetic damage 
and, in submammalian testing especially, structural and numerical chromosome 
aberrations (276). Thirdly, t.he relationship of mutagenesis as detected by 
short-term tests to teratogenesis must be investigated. (135). Final iy, 
short-term. test must be expanded in their appl icati-on. The uti 1 i ty of these 
tests for assessing human hazards is continually emphasized (59), but less 
mention has been made of their use in testing for the impact.of chemicals.on 
other organisms and whole ecosystems. 

The proper place of these short-term screening tests for genetic damage 
and cancer tests in overall testing schemes should be reemphasized. These ' . 

assays are only qualitative indicators.of compounds of potential harm and 
thus are implemented as primary screens in programs testing large numbers of 
cheirricals. Negative results cannot be taken to mean that a given compound 

is safe, and positive results should be used only to establish,priorities for 
longer-term testing and epidemiological studies. 

i 



The Japanese-American coopera t ive .  program (62)  mentioned above went f a r  

. i n  comparing and v a l i d a t i n g  t h e s e . t e s t ,  and t h e r e . a r e  a  l a r g e  number o f  pro-  

grams c u r r e n t l y  under way wh.ich are  improving these shor t - te rm assays. Con- 

s i d e r a b l e  research i s  t a k i n g  p lace i n  academic, p r i v a t e ,  and government i n -  

s t i t u t i o n s .  For  example', Dr. V i r g i n i a  Dunkel, o f  the  Nat iona l  Cancer I n s t i -  

tues, i s  coo rd ina t i ng  a  program t o  va l  idaqe several  o f  these t e s t s .  (76). . . 

Also, the  Nat ional  Center f o r  Toxicolog. ica l  Research i s  i nvo'l ved w i t h  t e s t  

methodologies (93).  A  number o f  i n d u s t r i e s  are  us ing  'shor t - term t e s t s  both 

t o  t e s t  new chemical s  and t o .  mon i to r  . f o r  worker .  exposure, and many i n s t i  t u -  
' 

t i o n s  have .developed capabi 1  i t i e s  t o  implement such t e s t s  on a  c o n t r a c t  

bas i s  (94) .  ' 

The d i f f e r e n t  governmental agencies which w r i t e  t he  use o f  these assays 

i n t o  r e g u l a t o r y  p o l i c y  have acted i n c o n s i s t e n t l y  i n  the  past.  Whi le t he  

Environmental P r o t e c t i o n  Agency (EPA) and t h e  Nat iona l  1 n s t i  t u t e  o f  Environ- 

mental Heal th . Science (NIEHS)' a re  prepar ing  f o r  a  la rge-sca le  use o f  such 

assays, t he  Food and Drug Admin i s t ra t i on  (FDA) i s  somewhat more caut ious,  

and t h e  Occupational Safe ty  and Heal th Admin i s t ra t i on  (OSHA) ' i s  paying 1  i t t l e  

hegd t o  such t e s t i n g  (94).  

I t  i s  c l e e r  t h a t  no one p e r f e c t  t e s t  e x i s t s  and t h a t  a  se r ies  o f  t e s t s  

measuring d i f f e r e n t  end p o i n t s  . i s  des i rab le  (61).  Many i n t e g r a t i v e  schemes 

have been proposed t o  c a r r y  ou t  t he  task  o f  t e s t i n g  comprehensively both 

t h e  chemica'l s  c u r r e n t l y  being used and new. ones being developes (23, 24, 25, 

2 1 ,  28, 31, 48, 54, 221).  Br idges '  " t h r e e - t i e r "  system i s  the  most w e l l  

known (27, 28, 29, 31 ) , and many more w i l l  undoubtedly be proposed. As 

discussed above, d i f f e r e n t  t e s t i n g  programs have d i f f e r e n t  goals, and the  

t e s t s  most appropr ia te  f o r  t h e  aims o f  t he  s p e c i f i c  program should be con- 

s idered.  Since the develnpment o f  these shor t - te rm assays i f  pr-uyressing 

r a p i d l y ,  a  program should remain f l e x i b l e  enough t o  change assays where i n -  . 

d ica ted .  



1 1  CONCLUSION 

Short-term screening assay.s for. genetic and related damage possess nu- 
merous 1 imitations. ~articul arly important are the problems of metabol i'c 

. activation., extrapolation to the levels and mixtures of compounds to which 

humans are exposed, and assaying for the relevant types of damage. Despite 
these shortcomings, the vital role these assays may play in 'a comprehensive 

',I .screening program is emphasized. Only through the continued use and im- . 

provement of these short-term assays wi.11 it be possible to screen the 
thousands of man-made chemicals in the environment and detect those compounds 
which are toxic, mutagenic,. and carcinogenic and which. have an impact on the 
irreplaceable genetic constituency as we1l.a~ on the health and well-being 
of humans and the entire ecosystem of the planet. 
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TABLE 1. Comparison and evaluation of short-term test systems. 

TEST SYSTEM END POINTS ADVANTAGES DISADVANTAGES 

1. DNA Physical changes in DNA. Quick; quantitative. 
Variety of methods can be 
used to detect physical 
changes in DNA. Some subtle 
physical changes in DNA can 
be converted to recognizable 
easily measurable end points. 

Only a biological test can 
tell conclusively whether 
any particular DNA altera- 
tion is mutagenic (but all 
biological responses are not 
equivalent). Physical tests 
can give indications (only) 
of possible mutagenic action. 

DNA transformation Transformation is stable and 
allows a precise assay. 
Mutagens can be detected and 
quanti.tative values assigned 
to thcir relative strangths. 
Very low transformation fre- 
quencies can be evaluated 
under certain conditions. 

Bacteriophage genetics 
(can also be RNA or DNA). 

Different strains have different 
drawbacks: some types of mtations 
cannot be detected in certain strains. 
Processes that produce mutations in 
some organisms may cause lethality 
in some bacteriophage. May lack some 
cellular functions, e.g., DNA repair. 

Easy to culture; short generation 
times. Rapid, reliable, very 
inexpensive. Many different strains 
possessing various genetic markers 
are available. Very simple genetic 
material. Can reproduce like cells. 

.Sensitive; quick; determine need 
for metabolic activation; 
inexpensive; easy to handle. 
Growth inhibition/lethality 
tests assume that the factor 
that causes mutation also 
sensitizes to toxicity. This 
is often true. 

Certain cells are insensitive 
to certain classes of compounds. 
Limited to certain kinds of genetic 
lesions. Prokaryotic may be geneti- 
cally different from higher cells. 
Most mutagenic systems measure only 
reverse mutat iults. 

11. Bacteria mtagenesis. 
Orowth rate changes/ 
lethality. 
Effects on sporulation. 

'I'ests can be "try time consuming 
and tedious. 111. Fungi Forward/reverse mutations. 

Mitotic crossing over. 
Mitotic gene conversion. 
Specific locus test. 
Nondisjunction. Recom- 
bination. Various 
chromosomal aberrations. 

Sensitive; measure many 
end points; eukaryotic; 
inexpensive. Good'all- 
around system in that 
several end points can be 
measured by the same 
organism in the same test 
application. 

Forward/reverse mutations. 
Chromosomal aberrations. 

Tests can be very slow. IV. 

v. 

Plants 

Insects Takes up to 6 weeks to 
complete a test. Expensive. 

Foward/reverse &tat ions. 
Specific loci. Dominant 
lethal test. Translocation. 
Deletions/duplications. 
Nondisjunction. Recombination 
and crossing over. Hetero- 
chromatic deficiencies. 
ueletlu~~s, L~ar~jlacatian3. 

Cell transformation. .. Forward/ 
reverse mutation. Translocation/ 
deletions/nondisjunction. 
Unscheduled DNA synthesis, 
DNA repair. 

Process microsomal enzyme 
activating systems. Can 
screen many genes. A 
complete system. 

Cells are easier to handle 
than animals. 

Skilled workers needed. Expensive. 
Activating systems may have to be 
provided. 

VI. 

VII. 

Mammalian- 
in vitro -- 

Specific locus. Dominant 
lethal. Translocations. 
Deletions/duplications. 
Nondisjunction. Micro- 
nucleus. Sperm abl~uiruality. 

Shows the response of the 
entire animal system, therefore 
better approximating the human 
response. 

Weeks to months to obtain 
results; may require especially 
well-trained manpower (biological 
and statistical). 

Mammalian - 
in vivo -- 




