
The 62.4 percent increase in grazing 
yields an estimated 368 additional kcal, 
almost compensating for the loss of 392 
kcal (one-third of 1177 kcal) as  milk. The 
total input during deprivation was 1746 
kcallday (789 as milk, 589 + 368 from 
grazing), or 98.9 percent of normal. On 
the output side, an estimated 483 kcall 
day are needed for basal metabolism plus 
22 kcallday (before deprivation) for 
standing, walking, running, play, and 
miscellaneous, such as ruminating (11) 
(total, 505 kcallday) (4). During depriva- 
tion the 9 percent activity decrease saves 
1.2 kcallday and the 35 percent play 
decrease saves 1.9 kcallday, but the in- 
creased grazing costs 5.4 kcal. The total 
output changes from 505 to 507.3 kcall 
day, or by only 0.5 percent. Thus, the 
small input (-1.9 percent) and output 
(-0.5 percent) changes represent an al- 
most complete energetic compensation 
in the face of a 33 percent milk reduc- 
tion. 

Output compensation has been dem- 
onstrated earlier: Black-tailed deer 
fawns are more active (nonplay) after 
experimental play deprivation (14) and, 
conversely, show less play running if 
they are forced to increase walking prior 
to their play bout (15). 

The 35 percent drop in running play 
seems proportional to the 33 percent 
milk decrease. Although energy required 
for running play constitutes only 0.9 per- 
cent of the estimated daily energy output 
(4.5 of 505 kcal), exclusive of growth (or 
about 20 percent of the activity budget), 
play was not dropped completely. In- 
stead, adjustments were made "across 
the board" for all behaviors monitored. 
Unlike primates (16), deer play very lit- 
tle and thus may derive developmental 
benefits from play at very low cost. 

Our experiment supports the notion 
that play can function as "behavioral 
fat" during a temporary noncatastrophic 
food shortage. It is reduced, while at the 
same time other behaviors such as graz- 
ing can still be substantially increased. 
The persistence of play, on the other 
hand, points to the importance of play. 
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Detection of Mutagens in Complex Samples by the Salmonella 

Assay Applied Directly on Thin-Layer Chromatography Plates 

Abstract. A new technique is reported in which components in complex samples 
are separated on thin-layer chromatography plates and their mutagenic effect is 
registered directly on the plates by means of the Salmonella assay. The method is 
quick and simple and particularly useful for screening large numbers of environmen- 
tal samples, Qualitative comparisons of mutagens in different samples can easily be 
made. Registered mutagens can be identified by the chemical analysis of extracts 
from duplicate plates. 

One of the major goals in environmen- 
tal chemistry is to evaluate potentially 
hazardous compounds in the process 
streams, effluents, and other parts of the 
environment. The traditional way of 
characterizing a complex mixture has 
been by chemical analysis of groups of 
compounds or individual compounds 
known to be hazardous. When these 
methods are used, unknown carcinogens 
or mutagens may remain undetected. Im- 
proved strategies rely on chemical or 
physical fractionations and subsequent 

mutagenicity testing of the individual 
fractions. Such methods, however, re- 
quire very detailed analysis and can 
easily become very expensive. Further- 
more, they have drawbacks such as sam- 
ple dilution, reactions of compounds 
through the fractionation procedure, and 
irreversible adsorption of biologically ac- 
tive compounds onto column materials 
or equipment. 

The use of thin-layer chromatography 
(TLC) to separate complex samples and 
the testing of the separated components 

Table 1. Mutagenicity testing of known mufagens by the Ames TLC technique. The compounds 
were chromatographed on silica TLC plates. The number of revertants around the test spot 
(lower left section of Fig. 1) was scored as follows: + + + , > 40; 40 > + + < 20; + , < 20; -, 
not detectable. Solvent system Ia was chloroform; solvent system I1 consisted of chloroform, 
benzene, ethyl acetate, methanol, and aqueous ammonia (4 : 1 : 3 : 2 : 0.2). 

Revertants per plate 

Solvent 
system 

Amount 
spotted T98 TAlOO 

-- 

on (kg) With Without With Without 
s -9  s -9  s -9  s-9 
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in the Ames Salmonella test have been 
reported by others. In studies of atmo- 
spheric reactions Pitts et al. (1) used 
TLC to separate the components, and 
biological activity was determined by 
mutagenicity testing of the extracted 
spots. Hayashida et al. (2) carried out a 
TLC separation of a urine sample, sec- 
tioned the chromatography plate, and 
tested the sections individually for mu- 
tagenicity in a spot test. Likewise Wilson 
et al. (3) and Issaq et al. (4) separated 
mutagens from complex mixtures on 
TLC plates and tested extracts in the 
Salmonella assay. By combining TLC 
with the Ames Salmonella assay, one 
may detect mutagenic chemicals by us- 
ing bacteria as selective detectors of 
mutagenic compounds directly on the 
TLC plates. The number of microbiolog- 
ical tests needed to characterize a sam- 
ple is greatly reduced. With this method, 
mutagenic compounds in the samples 
can be immediately detected and their 
localization on the plate gives an indica- 

tion of the chemical properties. For the 
identification of mutagenic compounds, 
duplicate TLC plates may be developed; 
areas containing mutagens may be 
scraped off and analyzed with state-of- 
the-art methods. The technique is simple 
and has a large potential for routine 
testing and for qualitative comparisons 
of complex mixtures. 

We used commercially available silica, 
cellulose, and reversed-phase TLC 
plates (10 by 10 cm), developed in abso- 
lute ethanol and dried for 5 minutes at 
room temperature and then for 20 min- 
utes at 80°C. The plates were subse- 
quently treated as sterile. No mutagenic 
areas were observed on blank TLC 
plates, only an expected number of spon- 
taneous revertants. 

Samples (1 to 3 pl in acetone) were 
spotted on the plates, and the separation 
was carried out at room temperature in a 
12- by 12-cm chamber. Components 
were made visible in fluorescent light at 
254 and 350 nm or were made visible on 

Fig. 1. Application of the Ames TLC technique with the use of strain TA98 to extracts from an 
air sample and a typewriter ribbon. The control plate containing approximately 60 revertants 
evenly distributed on the plate is not shown; a, application point; - - -, solvent front. Extract of 
an air sample from St. Louis, Missouri: (A) registered visual spots and spots visible in 
ultraviolet light; (B) registered revertants on the plate in the absence of S-9. Extract of 
typewriter ribbon: (C) registered revertants on the plate in the absence of S-9; (D) registered 
revertants on the plate in the presence of S-9. Solvent systems Ia and I1 are described In Table 
1. Solvent system I consisted of chloroform and acetic acid (10:O.l). 

parallel plates by conventional tech- 
niques (5). 

We carried out the mutagenicity assay 
essentially as described by Ames et al. 
(6), using Salmonella strains TA98 and 
TAlOO with and without S-9 mix pre- 
pared from Aroclor 1254-induced rat liv- 
er, except that the tests were performed 
directly on the developed TLC plates. 
We prepared minimal agar plates by 
placing the developed TLC plates in the 
bottom of 14.5-cm petri dishes and care- 
fully adding 30 ml of minimal agar to 
each plate. After 1 to 2 hours, the test 
strain (0.3 ml), with or without S-9 mix 
(1.5 ml), was added to 6 ml of top agar, 
mixed, and poured on top of the minimal 
agar. After 3 days of incubation at 37"C, 
clusters of histidine revertant colonies 
were observed in areas containing muta- 
genic compounds on the TLC plate. Sev- 
eral combinations of layers were tried 
out, and the sequence of TLC plate, mini- 
mal agar, and top agar was adopted as 
optimal. To generate a mutagenic effect 
by this technique, the compound must 
reach the cell while growth factors (in 
particular, histidine) and enzymes in the 
S-9 mix are still available. The release of 
mutagens from the TLC layer and their 
diffusion into the agar requires time, and 
it is important to control this parameter. 
The timing is influenced by the diffusion 
behavior of individual mutagens and by 
the initial levels of growth factors and 
cell density. 

Special attention was given to the dif- 
fusion of mutagens in the agar layer. 
Different model compounds were cho- 
sen, including mutagens such as sodium 
azide (polar and water-soluble), 2-amino- 
anthracene (2-AA, intermediate polari- 
ty), and benzo[a]pyrene (BaP, nonpo- 
lar), all of which are known mutagens in 
the Salmonella assay (7). The test com- 
pounds were spotted on the TLC plates 
without any chromatography. Sodium 
azide, a direct-acting alkylating agent, 
was tested in strain TAlOO without S-9. 
As the compound diffused over the plate, 
revertant colonies were scored all over 
the plate and not in any one distinct area. 
The compound 2-AA gave a clear muta- 
genic effect in both strains with the addi- 
tion of S-9. A dose response was ob- 
served with a detection limit of 1 and 
0.05 pg for strains TAlOO and TA98, 
respectively. The compound BaP, a mu- 
tagen needing metabolic activation, was 
tested in both strains in the presence of 
S-9. No mutagenicity was observed. 
This problem has been pointed out by 
Ames et al. (6), who found that most 
polycyclic aromatic hydrocarbons 
(PAH) do not give a mutagenic response 
in a spot test. The addition of 2 percent 
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surfactants or solvent (dimethyl sulfox- 
ide) to the minimal agar did not influence 
the solubility of BaP. Accordingly, we 
examined mutagenic compounds of in- 
termediate polarity in further studies of 
the Salmonella-TLC system. 

Results of mutagenicity testing of 
chemicals chromatographed on silica 
TLC plates with two different solvent 
systems are given in Table 1. (With 2- 
AA, no difference was found when cellu- 
lose plates were used instead of silica 
plates.) Using 1-nitropyrene, a direct- 
acting mutagen in the Ames test (8, 9), 
we observed a strong mutagenic effect 
with strain TA98 both in the presence 
and in the absence of S-9. Because 
TAlOO is not as sensitive as TA98 to the 
mutagenic effects of nitropyrenes (8), the 
number of revertants that we observed 
with TAlOO decreased accordingly. 

The hair-dye component 2,4-diamino- 
anisole (2,4-DAA) is a mutagen that re- 
quires metabolic activation in the Salmo- 
nella assay (7). The compound was 
clearly mutagenic in strain TA98 in the 
pesence of S-9 in one-dimensional TLC. 
In addition to the 2,4-DAA area, three 
other mutagenic areas were observed on 
the plate. These areas, probably due to 
impurities, demonstrate the usefulness 
of the method to test the purity of refer- 
ence compounds and the biological effect 
of impurities. 

One area where the Ames TLC tech- 
nique will find application is on extracts 
from environmental samples. A major 
problem in the mutagenicity testing of 
complex mixtures is toxicity, for exam- 
ple, in the testing of emission samples 
from various combustion sources. If the 
extracts are toxic, mutagenic activity in 
the Ames test may not be observed un- 
less a chemical fractionation is per- 
formed. With this new technique, the 
components of the mixture are separated 
on the TLC plate before mutagenicity 
testing. Toxic compounds may then be 
separated from the mutagenic com- 
pounds and thereby not interfere with 
the mutagenicity test. 

Air pollutants include a large number 
of organic compounds, and the mutage- 

nicity of airborne particles has recently 
been reviewed by Chrisp and Fisher (10). 
We have applied the Ames TLC tech- 
nique to extracts of airborne particulate 
matter from St. Louis, Missouri. The 
results are shown in Fig. 1, A and B. 
Figure 1A indicates the spots visualized 
at 254 and 350 mm. Figure 1B shows the 
revertants observed in strain TA98 with- 
out S-9. There was a clear increase in the 
number of revertants in a zone near the 
application point as well as a zone with 
RF values somewhat lower than those 
found for normal PAH compounds (indi- 
cating more polar compounds). In the 
middle of the plate, there was an area 
with no revertants, in which the back- 
ground lawn of bacteria was inhibited as 
a result of toxic compounds in the sam- 
ple. The addition of S-9 reduced the 
number of revertants observed on the 
plate. Comparable results were obtained 
with strain TA100, but the number of 
revertants was lower. 

Mutagens associated with photocopy 
toners and typewriter ribbons were re- 
cently described by Lofroth et al. (4, 
Rosenkranz et al. (9), and Alfheim et al. 
(11). In our investigation extracts of cor- 
rectable film ribbons for typewriters 
were spotted on TLC plates, chromato- 
graphed, and tested in the Salmonella 
assay. Clusters of colonies were ob- 
served in three main zones with TA98 in 
the absence of S-9: one cluster near the 
application point, another to the right top 
(that is, high RFI and high RFII), and a 
third cluster in the bottom right corner 
(low Rm and high RFII) (Fig. 1C). In the 
presence of S-9, the number of revert- 
ants was reduced (Fig. ID). 

Our results demonstrate that the direct 
detection of separated mutagens on TLC 
plates is possible. Mutagens are detected 
as clusters of histidine revertant colonies 
in agar gels placed on top of the plates. 
Several mutagenic areas are detectable 
on each plate. The chemical and physical 
properties of the mutagens may be in- 
ferred from their TLC behavior. Muta- 
gens may also be isolated from replicate 
TLC plates and identified by chemical 
analysis. Because the compounds are 

separated, effects arising from toxic sub- 
stances in the sample may, in principle, 
be avoided. With the Ames TLC tech- 
nique, it is possible to investigate 
amounts of individual compounds from a 
few nanograms to about 100 kg. For 
compounds of intermediate polarity, the 
sensitivity of the test approximates the 
conventional Ames Salmonella test. 

This new test, which is quick and easy 
to perform, may be applied to a variety 
of samples, such as extracts of air sam- 
ples or pure chemicals. As compounds 
are accessible on the TLC plate, reac- 
tions may be carried out to study the 
potential formation of new mutagens or 
the destruction of existing ones. For 
example, one might study the effects of 
exposure to radiation, atmospheric NO, 
or SO2 and SO3, or enzymic degradation. 
So far, the best results have been ob- 
tained with substances of intermediate 
polarity (12). 
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