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I. Introduction 

This Symposium is concerned with a fundamental biological problem, 
which can be stated either in a specific or in a general form. 

In its specific form the problem stems from a simple and often 
repeated observation, which briefly is as follows: A large population of 
bacteria are treated, either in an infected animal or in a test tube, with 
some antibacterial drug. Most of the cells are inhibited or killed, but 
sometimes a few of them go on dividing and grow into a new popula
tion which is resistant to the action of the drug. The question we ask is: 
were these few cells resistant before the drug was applied, or did they 
become resistant in its presence? It is not an easy matter to discriminate 
between these two alternatives. One of the most direct approaches would 
be to examine each cell in the original culture, that is to grow each one 
in the absence of the drug and test its descendents for resistance. But 
this would involve growing and testing millions, or even billions, of 
separate cultures, and the amount of work required would be quite 
prohibitive. It has therefore been necessary to devise other tests of a 
less direct nature, and with many of these it is not quite so clear just 
how the results should be interpreted. 

4 
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In its more general form the problem is not limited to drug resistance 
as an inherited character, nor to the bacteria as an organism. Populations 
of all living forms seem capable of adjusting themselves to new environ
ments, and the resulting changes are often permanent in the sense that 
they are inherited over many generations. The question here is whether 
the new environment has caused the individual organisms to undergo 
changes that can be passed on to their descendents, or has merely 
favored the more rapid reproduction of a small and preexisting minority 
group. This is one of the most basic, and at the same time controversial, 
of all biological questions, and it would be both difficult and misleading 
to discuss it in any of its special forms without reference to its broader 
implications. For this reason it will be emphasized in the present ac
count, that the stable kinds of drug resistance, at least as observed in 
Escherichia coli, are not an exceptional group of hereditary characters, 
and that the bacteria are not unique as a genetic material. 

The point is relevant, and important enough to justify a fairly detailed 
comparison of certain of the heritable bacterial changes with those of 
other organisms. I shall anticipate our conclusions here to say that 
resistance of E. coli to a number of the antibacterial drugs has now been 
shown by quite reliable tests to arise through gene mutation, and that 
the bacterial genes are almost certainly arranged in linear associations, 
which are similar to the chromosomes of the higher organisms. Thus our 
question can be rephrased, and we would ask whether the genes that 
influence this resistance mutate of their own accord, or are made to 
mutate by the presence of the drug. And if we think of genes as having 
certain fundamental properties in common throughout all living forms, 
this would lead us to ask whether genes in general mutate spontaneously 
and in a diversity of directions, or alternatively, whether the external 
environment causes just the appropriate genes to mutate, and ensures 
that they will mutate in directions that will benefit the organism. 

In the present account I shall deal almost exclusively with the stable, 
heritable, changes that we have reason to believe are genie in origin, 
and will compare the mutations to drug resistance in E. coli with other 
bacterial variations, and the bacteria with other organisms, choosing 
those similarities throughout that seem relevant to this basic question. 
In the paper that follows this, Drs. Bryson and Szybalski will discuss 
in much greater detail certain of the tests that have been designed to 
discriminate critically between spontaneous and environmentally directed 
mutation. 
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I I . C h a n g e s not due to gene mutation 

A clearer indication of the scope of the present treatment might per
haps be obtained, however, if we first list briefly the types of change 
that are not our prime concern, and that should not be confused with 
the gene mutations. 

Probably the largest group are the temporary physiological changes, 
in which the functions of individual cells have been altered as the 
result of exposure to a new environment. These include the enzymatic 
adaptations, which, in the bacteria, appear to persist for a few cell gen
erations after the removal of the environments that produced them. 
Unfortunately such changes can only be clearly distinguished from 
mutation and selection where the population is altered too rapidly in 
comparison with the generation time for them to be due to differential 
multiplication of a few preexisting variant cells (e.g. see Wright, 1953). 
Where they occur more slowly, discrimination is often less certain, and 
in many cases quite impossible. The bacterial crossing techniques do not 
help us in this respect, since the products of a cross usually have to 
be grown to visible colony size for testing, and during this growth any 
temporary characters may be altered. Because of this difficulty geneticists 
tend to work mainly with the more stable heritable characters, and in 
the present account we will not be concerned either with the temporary 
physiological changes or with any other temporary changes that might 
be confused with them. 

There are also a number of kinds of change of a more permanent 
nature, which can be produced predictably in various organisms by 
means of suitable treatments. Such changes have been observed in the 
yeasts (Ephrussi and Hottingeur, 1950), in Paramecium (Sonneborn, 
1950a and b) , and in a number of the chlorophyll-containing flagellates 
(Provasoli, et al., 1951). One of these kinds of change, the serum-induced 
antigenic variations in Paramecium (Sonneborn, 1950b), can also be 
reversed, and others behave as if due to loss of some semiautonomous 
cytoplasmic constituent. All such changes should be very clearly dis
tinguished from the much larger category arising through mutation of 
the nuclear genes, and where sexual crossings can be carried out there 
should be little room for confusion. Where sexual crossings cannot be 
carried out, as in certain cases of induced loss of penicillin resistance 
in Staphylococcus, (Voureka, 1952), one can only speculate about the 
probable physical basis of the change. 

In addition, there is a considerable group of stable heritable alter-
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ations in which the nuclear genes appear to play a part, but which differ 
from the gene mutations in that they are essentially recombinations of 
existing characters. In E. coli these occur through a sexual or pseudo-
sexual process; close contact between the participating cells seems to be 
necessary, and the characters tend to be transmitted in groups from the 
two parent lines to the products of the cross. The resulting reshuffle of 
hereditary properties is very similar to that observed in higher organ
isms during egg, sperm, and pollen formation, and the characters affected 
are of many kinds, including a number of forms of drug resistance. 

Other kinds of genetic recombination also occur, in which existing 
hereditary characters are transferred, for the most part singly, from one 
cell to another by various filterable materials, and as if by some infective 
process. Such changes, or "transformations/' are now well established in 
Pneumococcus, Hemophilus, and Salmonella, (see Hotchkiss, 1951, 
1952; Alexander and Leidy, 1951, 1953; Zinder and Lederberg, 1952) 
and are known to affect a wide range of characters, again including drug 
resistance. 

Finally, the number of chromosomes in a cell nucleus can often be 
permanently doubled by treatment with various chemical agents, such 
as colchicine, which interfere with cell division while permitting the 
chromosomes to reduplicate (for bacterial evidence see DeLamater 
et al, 1953). 

It should be emphasized that all these various types of change are 
environmentally induced or directed, but that none of them stems from 
a genuine »change of a nuclear gene to a new form. We should be very 
careful, therefore, not to assume, purely on analogy, that true gene 
mutations can likewise be caused to occur as environmentally directed 
events. 

I I I . Mutat ion to drug resistance a n d its genetic parallels 

I should like at this point to interject a concept derived from observa
tion of the higher organisms. It is clear that the full set of genes of a cell 
must be duplicated with a high degree of precision during each division 
cycle. The appearance of a recognizably different form of a particular 
gene is an extremely rare event, occurring in most cases with a frequency 
of anywhere from 1 in 105 up to 1 in 10 1 0 cell divisions. It was early noted 
that many of the gene mutations observed in the laboratory were lethal 
or semilethal, and that many others, including most of those affecting 
the external morphology of an organism, had adverse effects either on 
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survival or rate of reproduction. It thus became popular to think of the 
mutations as random, or rather undirected, changes such as might occur 
from errors in the gene-copying process. This concept did not rule out 
the possibility of occasional beneficial mutations, and there appears to 
be at least one example from the higher organisms, the so-called 
"erectoid" mutation of barley, which results in a stronger straw together 
with increased wind and hail resistance (Gustafsson, 1949). Thus, from 
the random-direction concept it has been possible to build an elaborately 
self-consistent theory to account for stable, heritable adjustment to a new 
environment, and for long-range evolutionary progress, the direction of 
a population change being determined throughout by the differentials 
of survival and reproduction acting on a heterogeneous collection of 
mutant forms. 

This concept is relevant to the problem of the origin of drug resistance 
in the bacteria only if the bacterial genes, and in particular the genes 
influencing drug resistance, are essentially similar to those of other 
organisms. 

A. BACTERIAL CYTOGENETICS 
Superficially at least, there is nothing unique about the bacteria as 

genetic organisms. A bacterium is a cell, with a cell wall, a cytoplasm, 
and one or more nuclei. The nuclei have been very clearly stained by 
Robinow (1945), DeLamater (1951), and others; and from enzyme 
digestion studies it has been found that they resemble the nuclei of the 
higher forms of life in containing deoxyribonucleic acid as a major con
stituent (Boivin, 1947). There is also evidence that mutation of E. coli 
to lactose nonfermentation is a function of individual nuclei and not of 
whole cells. If mutations are induced by ultraviolet in multinucleate 
cells, most of those that mutate grow into sectored (partly normal and 
partly mutant) colonies on indicator medium; whereas the mutant col
onies from cells that were predominantly uninucleate at the time of 
irradiation are much less likely to contain unmutated sectors (Witkin, 
1951). Thus the nuclei of the bacteria would appear to resemble those 
of the higher organisms in their physical appearance, in certain of their 
chemical properties, and in housing some of the genetic apparatus. 

B. CROSSING STUDIES IN E. coli 
These indications of a genetic similarity with the higher organisms 

have been borne out in a very detailed manner through the sexual (or 
pseudosexual) crossing studies in E. coli strain K12. Many of the stable 
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variations have been shown to recombine to give new combinations of 
the characters from the two parent lines and, despite certain anomalies, 
the evidence for bacterial genes, and for chromosomal associations of 
genes, is very similar to the corresponding evidence from the higher 
organisms (Lederberg, 1947; see also Newcombe and Nyholm, 1950b, 
and Rothfels, 1952). 

The following is a genetic chromosome map (which may perhaps 
include more than one chromosome) constructed from the combined 
data: 

(S Mai Xyl Gal Ara) Μ Lac W1 Az L _T 
5 24 37 17 12 25 

The gene loci indicated are those for streptomycin resistance (or depen
dence), maltose, xylose, galactose, and arabinose fermentation, phage T l 
resistance, azide resistance, leucine and threonine requirement. The 
parentheses surrounding the streptomycin locus and four of the sugar loci 
indicate that the sequence of these cannot be determined with certainty; 
and the numbers represent the approximate extent of recombination, 
expressed as a percentage, occurring between each of the adjacent pairs 
of loci during the sexual crossing. 

It will be noted that the mutations to "full" streptomycin resistance 
(and also to independence) are inherited as changes in a single gene 
locus (or small group of loci), and that further changes in the mutated 
form of this locus are responsible for many of the apparent reverse 
mutations from dependence back to independence (Demerec, 1950b; 
Newcombe and Nyholm, 1950a and b) . As is commonly found in the 
higher organisms, the mutant forms (or "alleles") of this locus appear 
to be recessive to the "wild type" allele when both are present in the 
same cell (Lederberg, 1951; see also Lederberg, 1949). Single gene changes 
are likewise responsible for the development of resistance to sodium 
azide (Lederberg, 1950; Cavalli, 1952), to phage Tl , and to various 
of the other bacterial viruses (Lederberg, 1947). It will also be noted 
that the genes for these kinds of resistance are distributed more or less 
indiscriminately among the other gene loci, and we have no reason, at 
least from their positions on the chromosome, to assume that they are in 
any way exceptional as compared with other bacterial genes. 

In view of this distribution along what appears to be a physical 
chromosome, mutation at one gene locus might be expected to have 
little effect on the likelihood of mutation at another locus some distance 
from it. With a few exceptions this is what has been found (e.g. see 
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Demerec and Fano, 1945). The case of isoniazid resistance and para-
aminosalicylate resistance in E. colt constitutes an interesting example 
and exception. The mutation to PAS resistance occurs once in a million 
cell divisions, and this rate is independent of the presence or absence of 
a previous mutation ot isoniazid resistance; but the isoniazid mutation 
is two to five times as frequent following mutation to PAS resistance 
(Szybalski and Bryson, 1953). Many similar examples of independence, 
and a few similar exceptions, have been found in the gene mutations 
of Drosophila and of maize. 

All the forms of resistance that have been discussed so far are known 
to arise as single mutational steps (see Newcombe and Hawirko, 1949; 
Lederberg, 1950; Luria and Delbrück, 1943; and Demerec and Fano, 
1945), and it is therefore not surprising to find that single genes are 
involved. Where resistance is developed gradually or in a stepwise man
ner, however, it might seem less certain that it is genie in origin. Two 
such cases, resistance to chloramphenicol (or Chloromycetin) and to 
Terramycin, have been studied in E. colt by the crossing technique. The 
only difference found between these and the single-step changes lay in 
the number of genes involved; successively higher levels of resistance 
were developed by successive gene mutations, often affecting different 
gene loci scattered along the chromosome (Cavalli and Maccacaro, 
1950, 1952; Cavalli, 1952; Cavalli and Lederberg, 1953). And, on the 
basis of much less detailed information, some of the partial resistance 
to streptomycin would seem also to be polygenic in origin (Newcombe 
and Nyholm, 1950a), although successive mutations at the streptomycin 
locus may also contribute (see Newcombe and McGregor, 1951). Thus 
we can conclude that most stable forms of drug resistance arise through 
mutation of the nuclear genes; and the quantitative forms of drug resist
ance provide a further parallel with the higher organisms, where many 
quantitative characters are known to be polygenic. 

C. GENE MUTATION AND THE RANDOM-DIRECTION CONCEPT 
In view of these similarities it is reasonable to suspect that the bac

teria might also provide evidence, similar to that from the higher organ
isms, in support of the random-direction concept; and that the mutations 
to drug resistance might perhaps be undirected with respect to any 
environmental changes. An absence, or at least a partial absence, of 
environmental control over gene mutation would be indicated if there 
were: 

(1) deleterious mutations, similar to those of the higher organisms; 
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(2) mutation in many directions within a single environment; or 
(3) mutations which, at the time of their occurrence, are only 

potentially useful. 
Two examples of mutations that are only potentially useful have 

been found by the Lederbergs, using a most direct and rigorous test. 
They have shown that individual cells of E. colt mutate to "full" strepto
mycin resistance in the complete absence of streptomycin, and to phage 
T l resistance in the complete absence of phage (Lederberg and Leder
berg, 1952; see also Cavalli and Lederberg, 1953). The details of the 
experiments will be described fully in the paper that follows; they need 
not be considered here. 

It is more difficult to show that certain of the bacterial mutations are 
unquestionably deleterious at the time of their origin, or that many 
directions of change in a particular character can all take place under 
precisely the same environmental conditions. The evidence, however, 
is worth considering. 

The difficulty in detecting any grossly deleterious changes that might 
occur in the bacteria is, of course, that they would tend to be lost among 
the more rapidly dividing parent-type cells. However, it might be in
ferred that they occur from the fact that lethal mutations have been 
found in other microorganisms, such as Neurospora and the yeasts, 
where this technical difficulty can be circumvented. Certainly, there are 
very close parallels between the bacteria and the ascomycetes, notably 
with respect to the biochemical mutations affecting growth factor re
quirements and sugar fermentations (see Roepke et al., 1944; Gray and 
Tatum, 1944; Davis, 1950; Lindegren and Lindegren, 1951), and there 
is no special reason to suppose that the lethal and other grossly dele
terious changes occur in one group and not in the other. 

It should also be noted that most of the biochemical mutations, both 
in the bacteria and in the ascomycetes, represent losses of synthetic or 
fermentative functions; and that in Neurospora the only well-established 
cases of gain are not of some essentially new capacity for synthesis, but 
are merely restorations of recent losses. It might be argued that certain 
losses could be beneficial to the economy of the organism, but that losses 
are encountered so much more frequently than gains would seem to 
indicate that they cannot all be environmentally directed. I should men
tion in this connection that mutations of E. coli from lactose fermenta
tion to nonfermentation occur frequently during growth in the presence 
of lactose where they would seem to be disadvantageous. 

There are also examples from the bacteria of many directions of 
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change of a particular character, under what would appear to be the 
same environmental conditions. The mutations of E. colt to "full" strep
tomycin resistance and to dependence are notable in this respect, there 
being an extremely wide range of forms, all capable of growth in very 
high concentrations of the drug. The dependent forms have been found 
to differ in the concentration of streptomycin required for optimum 
growth (Newcombe, 1952), the substances other than streptomycin 
that will enable them to grow, their mutation rates from dependence to 
independence, and the kinds of independence to which they mutate 
(Demerec, 1950b; Demerec et al., 1950). The apparent extent of this 
diversity of forms seems to increase indefinitely with the number of 
criteria used to discriminate between them, and it is a matter of doubt 
whether any two mutations are identical. (For another example of a 
diversity of changes within a single environment, see Bryson and David
son, 1954.) 

The same is true of the mutations from dependence back to inde
pendence. When a dependent population is plated in the absence of 
streptomycin, the colonies that develop differ widely with respect to 
degree of resistance; some are "fully" resistant and some are of nearly 
"wild type" sensitivity, and there are numerous intermediate forms. It 
is notable that few, if any, of these apparent "reverse mutations" from 
dependence to independence are really precise restorations of the orig
inal parent-type characters. 

It is difficult to reconcile this diversity with an exact environmental 
control over the direction of mutation. And, taken together, the poten
tially useful mutations, the high frequency of loss mutations, the many 
directions of change of a particular character and of a particular gene 
(see McClintock, 1951, for a parallel in maize), and the rarity of precise 
reverse mutations (noted also in Drosophila by Lefevre, 1950), are just 
what one might expect on the random-direction concept. 

However, the possibility of a limited environmental control over the 
direction of the gene mutations is not ruled out by any of the above 
considerations; and later in the paper we will consider an experiment 
that was designed to show whether the presence of streptomycin had any 
effect on the frequency of mutations to streptomycin resistance. 

D. RESPONSE TO THE PHYSICAL AND CHEMICAL MUTAGENS 
The random-direction concept rests also on another type of observa

tion. The chromosomes and their genes usually lie at the center of the 
cell, screened from the external environment by a number of layers of 
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living material. These layers restrict the entrance of many chemical sub
stances, and there are quite definite limits to the alterations that can 
take place in them without bringing about the death of the cell. The 
contact the genes have with the external environment is thus very limited 
and indirect. This makes it difficult to envisage a mechanism by which 
adverse changes outside the cell could cause just the right genes along 
the chromosome to mutate in just the right directions to benefit the 
organism. 

The difficulty may not seem great if one considers only the biochem
ical mutations of the bacteria. But much of the classic genetic work has 
been done with insects, and geneticists have had to account for heritable 
adjustments to very complex changes in environment, often of a non-
chemical nature; and these adjustments have often come about through 
changes in such diverse characters as the shapes of appendages, the 
patterns of pigmentation, the tropisms, and the social behaviors. Thus 
it is not surprising that to many Drosophilists, for example, it would 
seem quite impossible for the genes of a germ cell, buried in the abdom
inal cavity, to be aware in any detail of the changes required; and even 
less likely that the genes could translate this need into appropriate alter
ations of their own proteins or nucleic acids. Added to this is the fact 
that most chemical substances have little or no effect on the gene 
mutation frequencies. 

However, there are a few agents against which the genes are not 
protected, and which exert potent influences over the rates of gene 
change. These agents include X-rays and the other ionizing radiations, 
ultraviolet light, the mustards and various other so-called radiomimetic 
chemicals. The existence of these could be interpreted as suggesting that 
there might also be natural mutagens, associated at least with the adverse 
chemical environments, which are capable of acting appropriately on the 
appropriate genes. But if we are to construct a workable alternative to 
the random-direction hypothesis on this basis, we must suppose that such 
natural mutagens possess very considerable specificities, both with re
spect to the choice of the genes that are to mutate, and to the direction 
of the induced changes; and these specificities would have to be appro
priate to the environments. Thus the weight we attach to such a sugges
tion should depend very much on whether the known mutagens show 
any of these properties. 

For example, it is known that cells of the radiation-sensitive E. coli 
strain Β can mutate to radiation resistance, that is to strain B/r (Witkin, 
1947), and it is probable that the spontaneous rate is increased by 
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exposure to X-rays or ultraviolet. This would be a highly appropriate 
induced mutation, but before we can say that the radiation acts spe
cifically to produce this appropriate change we must show that it favors 
it against all others. This has not been shown, and we know that 
radiation can induce many other kinds of mutations in E. coli, including 
those to streptomycin resistance and dependence (Newcombe, 1952), to 
phage T l resistance (Demerec, 1946; Demerec and Latarjet, 1946; 
Newcombe, 1953), and to lactose nonfermentation (Witkin, 1951; New
combe, 1953). 

It is clear that if we are to use the word "specificity" we must give 
it a quantitative meaning, and I would suggest that it be applied where 
the action of any mutagen results in a greater factor increase in the rate 
for one kind of mutation than in that for some other mutation. In this 
sense there are many specificities. For example, some genetic changes, 
notably certain of those that occur spontaneously with a high frequency, 
are unaffected by radiation. A case in point has been found recently in 
this laboratory; the unstable or "variegated" lines of Streptomyces, which 
are induced initially by irradiation, do not show any greater instability 
after irradiation. In the sense in which we are using the word it could 
therefore be said that X-rays and ultraviolet tend to be specific for the 
less frequent mutations. 

A limited specificity can also be found in E. coli with respect to the 
choice of genes that are caused to change. Thus, mutations to phage 
resistance occur spontaneously in about three out of every 108 cell divi
sions, while mutations to streptomycin resistance are much less frequent, 
occurring in about two out of every 10 1 0 divisions, a ratio of 150 phage 
mutations to one streptomycin mutation. After gamma irradiation 
(18,000 r) we have found that out of every 108 surviving cells as many 
as 50 mutate to streptomycin resistance, and after ultraviolet (500 ergs 
per sq. mm.) as many as 800. With these treatments the frequency of the 
phage mutations is also increased, but not to the same extent, and the 
relative proportions of phage and streptomycin mutations is reduced 
from the 150:1 for the spontaneous changes, to 40:1 and to 10:1 for 
X-rays and for ultraviolet respectively (Newcombe, 1952). Thus radia
tion shows a measurable degree of specificity for the streptomycin locus 
compared with the phage locus, but it should be emphasized that the 
specificity is slight, too slight in fact to cause the streptomycin mutations 
to predominate. There are other similar reports, some of greater degrees 
of intergenic specificity (see Bryson and Davidson, 1951, 1954; Demerec 
et al., 1952; Kohlmark and Giles, 1953); but there is no evidence of a 
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really high level, and none of the specificities could be termed "appro
priate" with respect to the mutagen. 

Within the streptomycin locus there is some indication that mutations 
to dependence are favored by ultraviolet, and that the ultraviolet-induced 
dependent forms require somewhat higher concentrations of the drug 
than do their spontaneous and X-ray-induced counterparts. But these 
presumably intragenic specificities are small and are very difficult to 
establish with certainty. 

Thus the specificities of the known mutagens are extremely limited 
in comparison with what we would have to postulate for any natural 
mutagens of the kind envisaged, and no specificities have yet been dem
onstrated which are "appropriate" to the mutagenic environment. The 
evidence from the artificial mutagens has therefore only a very limited 
bearing on the problem of whether adverse environments can cause 
certain appropriate genes to mutate in directions that would benefit the 
organism. 

The potent mutagens do, however, serve one of our present purposes, 
that is in supporting the view that the genes of bacteria are not unique. 
Thus, all the agents that cause gene mutations in Drosophila, for 
example, have a similar effect on the bacteria. With X-rays the number 
of mutations usually rises linearly with increasing dose, both in the 
higher organisms and in E. coli (cf. Spencer and Stern, 1948; Demerec 
and Latarjet, 1946); while a much more complex dose-mutation relation
ship appears to be characteristic of the action of ultraviolet on Drosophila 
(Altenburg et ah, 1952), Neurospora (Hollaender et ah, 1945), and also 
on the mutations of E. coli to phage T l resistance (Demerec and Latar
jet, 1946) and to certain colony color changes on mannitol-tetrazolium 
indicator medium (Newcombe and Whitehead, 1951). And finally, all 
ultraviolet effects, including those that lead to gene mutation, can be 
partially reversed by visible light; this has been shown in Drosophila 
(Meyer, 1951; Altenburg and Altenburg, 1952) and in E. coli, including 
in the latter case both the mutations affecting colony color on mannitol-
tetrazolium agar and those to full streptomycin resistance (Newcombe 
and Whitehead, 1951). 

IV. Mutat ion in the absence a n d in the presence of streptomycin 
We have mentioned two of the reasons for believing that gene muta

tions are not especially directed to bring about adjustments to a chang
ing environment. The first is the occurrence of mutations that are either 
deleterious, or are of use only in some possible future environment; and 
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the second is the difficulty of imagining a mechanism by which non-
chemical complexities in the environments of higher organisms could be 
communicated to their genes in any adequate detail. A third reason is 
the lack of strictly relevant evidence for the alternative, as applied to the 
nuclear genes; there is no clear-cut demonstration of an appropriately 
directed mutation of a patricular gene to a stable and recognizably dif
ferent form. Some claims have been made, but either the experiments 
have not been repeated, or the data have not amounted to a rigorous 
proof. Such negative kinds of evidence carry weight because so many 
of the genetic materials lend themselves to quite precise estimations of 
mutation rates. I am going to describe an experiment using E. coli which 
yielded just this kind of negative evidence. 

We wished to find out whether mutations to drug resistance occurred 
any more frequently in the presence of the drug than they did in its 
absence. There are a number of difficulties in designing and interpreting 
a test of this nature. In the first place, only the single-step changes can 
be used if the mutation rates are to be measured with any degree of 
accuracy; and in the second, the sensitive cells that are mutating in the 
presence of the drug must not be eliminated by it, if the mutation rate 
is to be expressed in any meaningful terms. Finally, if a negative result 
is obtained, it can always be considered to be compatible with an effect 
that is too small to be detected. In this case the most one can hope for 
is to show that the effect, if any, is small in comparison with the spon
taneous mutation rate. 

Streptomycin seemed to be a suitable agent for the test, since the 
development of partial resistance would enable us to grow the organism 
in the presence of fairly high concentrations of the drug, but would not 
interfere in any way with the detection of the large single-step muta
tions to "full" resistance, or with the calculation of a mutation rate in 
terms of the likelihood of mutation per bacterium per division cycle 
(see Newcombe and Hawirko, 1949). 

A line of E. coli strain B/r was developed that could grow in the 
presence of 32 units of streptomycin per ml, and the mutation rate to 
full resistance (ability to grow in 1,000 units per ml, or more) was 
determined by a method of Luria and Delbrück (1943), which did not 
involve any bias from possible differences in the growth rates of parent 
and mutant forms. The mutation rate was measured in the absence of 
the drug and in the presence of 32 units per ml, and average values of 
3.7 χ 10"10 and 7.2 χ 10"10, respectively, were obtained. At first sight 
it appeared that the spontaneous rate had been doubled by the presence 
of the drug. 
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Before one could be certain that there had been a specific effect on 
the streptomycin locus, however, it was necessary to show that the muta
tion rates of other genes were not similarly increased by the presence of 
the drug. The mutation rate to phage T l resistance was therefore deter
mined in the same manner, in the absence and in the presence of the 
drug, and it was found that the drug produced a very similar increase 
in the rate for this character as well (average values of 0.45 χ 10"8 

and 0.67 χ 10 8 , respectively, being obtained). The extent of the increase 
was not precisely the same for the two characters, but neither was it 
significantly different by any statistical test. Clearly, if the streptomycin 
had any specific effect on the gene locus for streptomycin resistance, it 
must have been too small to measure, and must have been small in 
comparison with the spontaneous mutation rate (Newcombe and Mc
Gregor, 1951). 

Why the mutation rates were raised at all by the presence of the 
drug is a separate question. It could be that the drug is a nonspecific 
mutagen, like X-rays only much less potent; or it could simply be that 
cells grown in the presence of the drug tend to form small clusters or 
chains so that the final number of viable cells is underestimated and the 
mutation rate overestimated. 

Whatever the correct interpretation of the increase, we have not 
succeeded in demonstrating a drug-induced gene mutation that is spe
cific for the appropriate gene locus and for the appropriate direction 
of change. 

V . Conclusions 
One of the most significant findings from the genetic studies in 

E. coli has been that the great majority of the stable and heritable varia
tions are due to mutations of genes that must almost certainly be nuclear 
and chromosomal. This appears to be true for all the stable forms of drug 
resistance that have been studied by the bacterial crossing techniques, 
including resistance to streptomycin, azide, chloramphenicol, and Terra-
mycin; and there are many indications that the genes involved are 
essentially similar to other bacterial genes and to the genes of higher 
organisms. The question is raised whether the gene mutations for drug 
resistance, and for other forms of adjustment to new environments, 
arise spontaneously in individual cells or are environmentally directed 
events. 

A number of kinds of change are known in various organisms, which 
arise predictably following suitable treatments, including: (a) temporary 
physiological alterations, (b) various heritable cytoplasmic changes, (c) 
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chromosome doubling, and (d) exchanges of existing genetic materials. 
None of these, however, involve mutations of nuclear genes to essen
tially new forms, and it cannot be assumed purely on analogy that the 
gene mutations are likewise environmentally directed. 

Various treatments are known (using X-rays, ultraviolet, the mus
tards, etc.) that greatly increase the frequency of gene mutation. How
ever, many genes (and many characters) are affected, more or less indis
criminately; and these mutagenic effects give us no special reason to 
suppose that adverse environments can cause just the right genes to 
mutate in just the appropriate directions to ensure survival. 

Spontaneous gene mutations, on the other hand, would appear to 
cause a very considerable heterogeneity in all large populations, and 
there is no difficulty in supposing that the observed genie adjustments 
to new environments are the result of the more rapid reproduction of 
the better adjusted spontaneous mutant types. 

Support for this view is found in the case of the changes of E. colt 
to "full" streptomycin resistance: (1) These changes are due to gene 
mutations. (2) They can occur in the complete absence of the drug, that 
is at a time when they are of no apparent value to the organism. (3) 
Streptomycin does not act specifically on the streptomycin gene locus to 
cause the mutations. 
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