
less of their mode of origin, P. semi- 
marmorata now behaves as a semi- 
species toward both P. bibroni and P. 
dendyi. It is accordingly ranked as a spe- 
cies despite the fact that it hybridizes 
freely with these other taxa wherever 
their ranges contact. Species concepts 
need revision to allow for the fact that 
genetic isolation cannot invariably be di- 
rectly equated with reproductive isola- 
tion. As others (16) have shown, strongly 
integrated and coadapted gene com- 
plexes may be effectively protected 
against introgression even in the appar- 
ent absence of premating reproductive 
isolation. 
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The Salmonella Mutagenicity Assay: Recommendations The Salmonella Mutagenicity Assay: Recommendations 

A number of recommendations have 
recently been made (1) concerning the 
use of the Salmonella plate assay for de- 
termining chemical mutagenicity. This 
assay was described in detail by Ames 
and his co-workers in 1975 (2), and since 
that time, many variations of the proce- 
dure have been incorporated into the test 
as it is used in individual laboratories. In 
ongoing efforts to identify mutagenic 
chemicals that may pose a hazard to hu- 
man health, the diversity of existing pro- 
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tocols presents several questions. 
Among them are: (i) What are the most 
likely sources of variation in results 
among laboratories? (ii) What protocol is 
currently best suited for routine testing? 
(iii) What constitutes an adequate test? 
The recommendations made therefore 
provide basic guidelines for conducting 
the assay and constitute minimum cri- 
teria by which reports of mutagenicity 
testing in the Salmonella plate assay can 
be evaluated. 
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Bacterial strains. For routine testing, 
strains TA1535, TA1537, TA1538, TA98, 
and TA100 should be used. The recom- 
mendation that TA1538 might be deleted 
(2) was not considered advisable since 
this strain may show greater sensitivity 
than TA98 with some chemicals. The use 
of other strains is considered optional. 

Preparation of suspensions of tester 
strains. The growth of bacterial strains in 
overnight nutrient broth cultures has 
been found to vary considerably depend- 
ing on the nutritional quality of the medi- 
um. There seem to be marked dif- 
ferences not only between media from 
different sources but also among batches 
from a single source. Overnight cultures 
which have just reached a density of 1 to 
2 x 109 viable cells per milliliter are con- 
sidered most desirable for mutagen test- 
ing. Instead of using washed cells, inves- 
tigators should take inocula directly from 
nutrient broth cultures. A fresh cell sus- 
pension should be used for each day's 
experiments; use of cultures kept over- 
night in a refrigerator should be avoided. 
Cell suspensions should be maintained 
through the day at ice-bath temperature 
since storage at room temperature may 
result in loss of viability or mutagen sen- 
sitivity. 

Checking tester strain genotypes. The 
procedures outlined by Ames et al. (2) 
are satisfactory with regard to con- 
firming histidine requirement, deep- 
rough character, and ultraviolet sensitiv- 
ity of tester strains. However, tests for 
the presence of the R factor conferring 
ampicillin resistance in strains TA100 
and TA98 can be conducted more conve- 
niently by using commercially available 
filter-paper disks containing 10 /tg of am- 
picillin. Ampicillin-containing disks are 
placed in the center of petri dishes over- 
laid with each of the tester strains. 
Zones of inhibition should be observed 
with strains TA1535, TA1538, and 
TA1537, but not with TA98 or TA100. 
For the three sensitive strains, the diam- 
eter of the zone of inhibition has been 
found to be reproducible and character- 
istic within a given laboratory, although 
some differences have been found be- 
tween laboratories. 

Because this procedure will not deter- 
mine what fraction of the culture has lost 
the R factor, it is important to check 
stock cultures periodically to ensure that 
close to 100 percent of the bacteria con- 
tain the R factor. This can be done 
by replica plating (preferably with 100 
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Table 1. Recommended strain-specific positive control compounds. In the presence of S9, 2- 
aminoanthracene can serve as the positive control for all strains. 

Strain Compound 

TA1535 Methyl methanesulfonate or sodium azide 
TA1537 9-Aminoacridine 
TA1538 and TA98 4-Nitro-o-phenylenediamine, 2-nitrofluorene, or hycanthone methane- 

sulfonate 
TA100 Sodium azide, methyl methanesulfonate, or nitrofurantoin 

ing of chemicals, there is little evidence 
to justify the use of activation prepara- 
tions other than the Aroclor 1254-in- 
duced rat liver S9 described in (2). It is 
important that the concentration of S9 
used be within the range originally rec- 
ommended and that the cofactors and 
their ratios also be those recommended. 
However, numerous variations of the ac- 
tivation mix can be used for intensive 
studies and in specific cases to alter 
mutagenic responses both quantitatively 
and qualitatively. 

It is recommended that the mutage- 
nicity of 7,12-dimethylbenz[a]anthracene 
(DMBA) be tested with each batch of S9 
preparation to ensure that the S9 mix ex- 
hibits optimal activity. Although no evi- 
dence has been published, it is claimed 
that DMBA gives only minimal response 
with uninduced or suboptimal S9 prepa- 
ration and mixes. Additional compounds 
such as 2-acetylaminofluorene can be 
used for routine monitoring of the activi- 
ty of the S9 preparation. 

The S9 preparations should be stored 
at or below -70?C. The period for which 
S9 preparations can be stored is an unre- 
solved issue. Storage periods used have 
ranged from 1 week to 2 years. Although 
some evidence is available on the stabil- 
ity of a few specific enzymes during stor- 
age, there are no data concerning the ef- 
fect of storage on the general ability of 
the S9 to activate promutagens. 

Spontaneous mutability of tester 
strains. The number of spontaneous re- 
vertants per plate for each strain is a fac- 
tor that must be considered when the ac- 
ceptability of an experiment is being 
evaluated. Strain TA100 is particularly 
prone to problems in this regard because 
of its high background of spontaneous 
revertants. Any given laboratory should 
establish an acceptable range of sponta- 
neous revertants per plate'within which 
it is confident that the strains are re- 
sponding properly. 

Plate number and incubation time. A 
minimum of two plates per dose level is 
recommended. When positive results are 
obtained, the test should be repeated us- 
ing the strains and dose levels in which 
positive results were initially observed. 
If all strains give negative responses, re- 
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tests are recommended in all strains. 
Any conclusions should be based on 
consistent results in at least two inde- 
pendent tests. 

Although results with most com- 
pounds can be obtained with 48 hours of 
incubation at 37?C, the toxicity of some 
chemicals may delay the appearance of 
revertants. Investigators should be 
aware of this possibility and when such a 
phenomenon is suspected, plates should 
be incubated for 72 hours. It has been 
observed that the number of revertant 
colonies will increase during the 48- to 
72-hour incubation period. 

Background "lawn." It is important to 
examine, with a dissecting microscope, 
the general appearance of the growth. A 
confluent growth of nonrevertant bac- 
teria should be present. At dose levels 
that are highly toxic to the cells, such a 
lawn will not be present and surviving 
cells can give rise to small colonies 
which might be misinterpreted as rever- 
tants. When there is any question about 
the nature of colonies scored as rever- 
tants the genotypes should be checked by 
transferring colonies onto medium con- 
taining no histidine. When positive muta- 
genic results are obtained, the genotype 
of revertant colonies should also be spot- 
checked by picking and streaking or by 
replica plating on histidine-free plates. 

Plate counters. Automatic plate count- 
ers are now used routinely in many lab- 
oratories. The accuracy of these coun- 
ters tends to vary with time and with the 
density and size of colonies. Such coun- 
ters should be calibrated against hand 
counts on a routine basis, and calibra- 
tions should include plates of each strain 
used over the range of colony densities 
normally encountered. 

Dose range. It is generally agreed that 
dose levels up to at least 5 mg per plate 
should be tested unless limitations are 
imposed by toxicity or solubility. A rea- 
sonable lower limit in routine testing is 
0.2 /ug per plate. Initial experiments to 
determine toxicity and solubility are nec- 
essary to select a testable dose range. 
When initial experiments reveal that a 
chemical is toxic, then the dose range 
chosen for subsequent experiments 
should include at least one observably 

toxic dose. Similarly, if preliminary ex- 
periments reveal that a compound pre- 
cipitates at dose levels below 5 mg per 
plate, subsequent experiments should in- 
clude a dose at which the precipitate oc- 
curs. 

Preincubation. Perhaps the most 
widely used and successful modification 
of the plate assay is the preincubation 
method described by Yahagi et al. (3). 
This method is now used routinely in 
some laboratories and is recommended 
for use in cases where results from the 
standard plate assay are inconclusive. 

Controls. Negative controls with the 
appropriate solvent, controls for S9 ste- 
rility, and positive controls should be run 
with each experiment. The compounds 
listed in Table 1 are recommended posi- 
tive controls for each strain. Other com- 
pounds that may be used satisfactorily as 
positive controls in the presence of S9 
include N-nitrosomorpholine, 2-acetyl- 
aminofluorene, and benzo[a]pyrene, but 
these may be less satisfactory than 2- 
aminoanthracene because of their potent 
carcinogenicity or failure to revert all 
strains. 

For the positive control chemicals it is 
good practice to use freshly prepared so- 
lutions. Exception can be made in the 
case of sodium azide, which is highly 
stable in aqueous solution. 

Data presentation. Any report of the 
testing of a chemical for mutagenicity in 
the Salmonella/microsome plate assay 
should include the means and indications 
of variability (for example, standard de- 
viation) of the plate counts for the nega- 
tive control, the positive controls, and 
each dose of the test compound. The 
number of replicate plates included in 
the mean must be indicated. When the 
volume of data is not prohibitive, it is al- 
so desirable to report individual plate 
counts. When this is not feasible, the 
complete data should be available from 
the investigator. Data that have been 
transformed by subtracting spontaneous 
counts, or that are expressed as rever- 
tants per nanogram or nanomole or as a 
ratio of colonies on treated and control 
plates make independent evaluation im- 
possible. 

Definition of positive and negative re- 
sults. In most tests the results are either 
clearly positive or clearly negative. A 
positive result is usually defined as a re- 
producible, dose-related increase in the 
number of histidine-independent colo- 
nies. A negative result is defined as the 
absence of a reproducible increase in the 
number of histidine-independent colo- 
nies. However, results are sometimes 
obtained which cannot be satisfactorily 
interpreted as positive or negative. In 
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such cases, further tests should be con- 
ducted in which modifications of the 
standard plate assay are used, such as 
preincubation or modification of the S9 
preparation with regard to source, induc- 
er, and cofactors. 
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Menard and Frazer deserve con- 
gratulations for making the first state- 
ment in what will undoubtedly be a long 
controversy over the magnitude of cop- 
per and nickel resource estimates in 
deep-ocean manganese nodules (1). By 
finally analyzing statistically all of the 
available data in the public domain, their 
statement neatly squashes the optimis- 
tic resource estimates of Mero (2), 
McKelvey and Wang (3), and others who 
first raised interest in the economic po- 
tential of the nodules, or does it? Menard 
and Frazer's report also helps to dispose 
of the myth that vast wealth is available 
from the nodules for the common heri- 
tage of mankind. 

Menard and Frazer do not provide suf- 
ficient information or evidence to dispel 
the expectation that nodules may be 
mined economically for their nickel, cop- 
per, and manganese content. However, 
their conclusions may indeed add to the 
discouragement of investors and policy- 
makers, who are already frustrated by 
the Law of the Sea Conference. 

The negative correlation between nod- 
ule abundance and copper-nickel con- 
centrations, the central conclusion of the 
report, supports the expectation that 
high concentrations of copper are rare in 
the oceans as on land. This fact has been 
pointed out by Skinner (4), among oth- 
ers. This makes economic concentra- 
tions of minerals (mineral deposits) on 
land distinct from ordinary rock. If re- 
plotted on a log-log scale, the data in fig- 
ure 2 of (1) would be similar to a very 
noisy version of the plot of copper grade 
versus concentration in a region such as 
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the copper province of the southwestern 
United States (the vertical component in 
the three-dimensional character of land 
deposits becomes negligible in an area 
the size of this province) (5). 

The vast scale of the sample popu- 
lation to which Menard and Frazer's 
conclusions apply also deserves more at- 
tention. Perhaps it should be pointed out 
that the Scripps/International Decade of 
Oceanographic Exploration data bank 
contains only a few thousand samples to 
represent an ocean floor area of several 
tens of millions of square nautical miles, 
that this area can hardly be expected to 
be geologically homogeneous, and that 
most of the data were collected for other 
purposes than manganese nodule sam- 
pling. The data are thus not standard- 
ized. 

According to the latest estimates, the 
area of potential mining sites will be of 
the order of 12,000 square nautical miles 
(1 square nautical mile = 3.4 x 106 m2) 
(6). The 74 samples (apparently without 
concentration data in kilograms per 
square meter) referred to in (1) represent 
the most economically interesting part of 
the northwest equatorial Pacific Ocean, 
which covers approximately 6 million 
square nautical miles. This is roughly 
one uncontrolled sample for each of 74 
areas the size of Nevada (85,600 nautical 
square miles). Are there no concentra- 
tion data for this most important area? 
The negative correlation observed by 
Menard and Frazer [figure 2 in (1)] is ei- 
ther not present or is not statistically sig- 
nificant for the two smaller localities 
mentioned by Schatz (7) and Piper et al. 
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(8) where potential economic deposits 
occur. As on land, economic concentra- 
tions of nodules on the ocean floor are 
expected to be anomalies. In figure 2 of 
(1), approximately 15 percent of the 
points are above a minable nickel and 
copper abundance of 0.25 kg/m2 (9). Are 
we to conclude from this figure that 10 to 
20 percent (95 percent confidence inter- 
val) of the area sampled consists of min- 
eral deposits to be economically mined? 

Although Menard and Frazer's report 
should sober some of the optimistic 
views of representatives of the lesser de- 
veloped countries present at the March 
1978 session of the Law of the Sea Con- 
ference, it should not deter ocean miners 
who are awaiting a U.S. go-ahead or a 
regime under which to proceed. A more 
thorough analysis based on geostatistical 
techniques (10) should be applied to the 
data to discover possible geographic 
trends or clusters. The unwarranted con- 
clusion of Menard and Frazer serves on- 
ly to point out the paucity of good data in 
the public domain and the need for more 
information so that matters of national 
and international interest can be debated 
more realistically. 
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Post Office Box 151, 
Purcellville, Virginia 22122 
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