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I. Introduction 

The adaptation of bacterial cells to resist the action of inhibitory 
substances is of considerable interest from the physicochemical point of 
view, since it is a phenomenon to which the principles of chemical 
kinetics may be applied. For this reason many investigations have been 
carried out in this laboratory in recent years concerning the adaptation 
of Bacterium lactis aerogenes to antibacterial agents. In these experi
ments proflavine (2, 8-diaminoacridine) sulfate has been extensively 
used, and in this paper the evidence will be reviewed, with particular 
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reference to the methods, adaptation or mutation, by which resistance to 
this drug develops. Investigations involving other drugs will be intro
duced where relevant, and at the same time the validity of certain 
biological tests, such as the fluctuation test, which have a bearing on the 
problem of mutation or adaptation, will be considered. 

I I . The adaptat ion to proflavine a n d other inhibitors in liquid 

media 

A. GENERAL FEATURES OF GROWTH IN PROFLAVINE 
When 107 to 108 cells of a culture of Bact. lactis aerogenes in the 

logarithmic phase of growth in a simple defined medium containing 
glucose, phosphate buffer, and ammonium and magnesium sulfates are 
introduced into similar media containing varying amounts of proflavine, 
specific effects on the lag, the growth rate, and the stationary population 
are observable. At concentrations of less than 20 mg per liter there is 
little effect. At higher concentrations the lag is increased sharply, the 
growth rate slowed down, and the stationary population reduced until 
at about 60 mg. per liter growth no longer takes place. Under certain 
conditions cell division is inhibited so that filaments up to 10 or 20 
times the normal length are produced (Davies et al., 1944). 

Serial subculture at any given concentration ("training") rapidly 
eliminates the lag and at lower drug concentrations restores the mean 
generation time to the normal value, but the stationary population 
usually remains lower than normal. The lag has been particularly useful 
as an index of the degree of adaptation. 

B . MODEL FOR THE MODE OF ACTION OF PROFLAVINE AND OTHER INHIBITORS 
There is considerable evidence (Hinshelwood, 1946) that the onset 

of growth in a bacterial culture is delayed until a sufficient concentration 
of diffusible intermediates is built up by the lagging cells. On the basis 
of this evidence and with the assumption that proflavine inhibits the 
action of an enzyme concerned in the formation or utilization of these 
diffusible intermediates, Davies et al. (1944) put forward a hypothesis 
to explain the inhibitory action of proflavine. It postulates that the drug 
interferes with the utilization of the intermediates formed by a certain 
member of a series of enzymes but not with synthesis of the enzyme. The 
growth of other enzymes dependent on these intermediates will be 
retarded, and thus the growth of the cell as a whole will be inhibited. 
The synthesis of the first enzyme proceeds, however, at the normal rate, 
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and hence its concentration in relation to the rest of the cell increases. 
The concentration of intermediates that it supplies will also rise, and 
eventually the expansion will result in antagonism of the drug. 

This linked enzyme model has proved of considerable value in the 
theoretical study of adaptive processes in general and has been sub
jected to mathematical treatment by Davies et al. (1944), Hinshelwood 
(1946, 1952, 1953a), and Hinshelwood and Lewis (1948). For the 
present discussion the hypothesis is of interest in that it predicts that the 
precise degree of adjustment of the enzyme balance, i.e. the degree of 
adaptation, should depend on the extent to which the enzyme is 
inhibited, and that this should be determined by the drug concentration 
at which training has been carried out. Thus the resistance of the 
trained cells should be quantitatively related to the training concentra
tion. Moreover, as has been pointed out by Hinshelwood (1949), the 
model predicts specificity, since there would be no adaptation if all 
the reactions in the cell were inhibited equally; the expected response 
should be automatic and rapid, and the adapted cells might be ex
pected to show some modification in their enzymatic properties. These 
predictions are capable of experimental verification and the evidence 
for them will now be assessed. 

C. THE RELATION BETWEEN THE TRAINING CONCENTRATION AND THE DEGREE 
OF RESISTANCE OF THE CELLS 

Davies et al. (1945) investigated this problem by training a series 
of strains of Bact. lactis aerogenes to various concentrations of proflavine 
by repeated subculture in that concentration, preceded where necessary 
by subculture at concentrations increasing progressively up to the one 
required. The subculture was continued until adaptation, as measured by 
absence of lag due to the drug, was complete. This usually required 10 
subcultures, although about 30 subcultures were sometimes necessary 
at higher drug concentrations. 

The lags of the trained strains in various concentrations of pro
flavine were then measured and a family of lag-concentration curves was 
obtained. The curves show that training of the bacteria to a concentra
tion m of proflavine produces immunity to all concentrations up to a 
value that just exceeds m itself, but not to higher concentrations, and 
that the horizontal spacing of any two curves is equal to the difference 
in the corresponding values of fh. The drug concentration necessary to 
increase the lag to 1,000 minutes (ra s) is given by the simple expression, 
ms = m + 33. These relations hold for drug concentrations between 
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0 and 200 mg per liter. At higher concentrations, however, complete 
immunity may be obtained. For example, a strain trained to rh = 450 
will grow in concentrations up to 1,540 mg per liter (though with in
creased lag). Further training at rh = 1,540 confers practically complete 
immunity to 3,000 mg per liter, the highest practicable concentration. 
This behavior at high drug concentrations has been explained by Pea-
cocke and Hinshelwood (1948), who investigated the absorption of 
proflavine by cells of Bact. lactis aerogenes and obtained an absorption 
isotherm of sigmoid shape that showed that there was a limit to the 
amount of drug the cells could take up, and that this maximum absorp
tion occurred when the medium contained 270 mg per liter of drug. 
In other words, training to 270 mg per liter would be expected to give 
immunity to much higher concentrations, since as far as the cells are 
concerned the amount of drug absorbed is the same. 

Dean and Hinshelwood (1953) have suggested that a similar ex
planation might account for he occurrence of highly resistant cells in 
populations exposed to low drug concentrations. These have been 
regarded as "one-step" mutants (Demerec, 1948; Newcombe and 
Hawirko, 1949, Newcombe, 1952). It is also of interest that the trained 
strain absorbs slightly more drug than an untrained strain, and this, 
together with the observation that the time required for proflavine to exert 
its inhibitory action is independent of the concentration gradient between 
the inside and outside of the cell (Jackson and Hinshelwood, 1948), 
indicates that the development of resistance to proflavine is not associ
ated with decreased permeability. 

Similar families of lag-concentration curves have been obtained with 
potassium tellurite, propamidine, 5-aminoacridine and crystal violet 
(Pryce and Hinshelwood, 1947; Davies et al, 1945). 

D. THE RAPIDITY OF ADAPTATION TO PROFLAVINE 
Adaptation to low concentrations of proflavine can under optimal 

conditions become almost complete during the first few cell divisions 
in the presence of the drug (Davies et al., 1944). Under conditions that 
give rise to filament formation in the drug culture, however, for example, 
when an old parent culture is used for the inoculum, one or two sub
cultures may be necessary to remove the lag. Thus it would seem that 
the rate of adaptation is dependent on the metabolic activity of the 
culture, a topic that has been investigated by Baskett (1952) in a 
novel manner. He added proflavine to an actively growing culture in 
successive amounts insufficient in themselves to arrest growth. In this 
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way the proflavine concentration could be increased by 5 mg per liter 
every 10 or 12 minutes up to a total of 100 mg per liter or more without 
arresting growth. Cells inoculated directly into this concentration would 
have an infinite lag. 

In these experiments the rate of growth was rather high, being 40% 
normal in 50 mg per liter, 35% in 80 mg per liter, and 25% in 100 mg 
per liter. That the cells can become adjusted so rapidly leads to the con
clusion that the majority of the cells participate; the time that elapses 
before the culture is adapted to 100 mg per liter of drug, i.e., 200 
minutes, would allow of only a 16-fold increase in the number of 
spontaneous resistant mutants. 

Baskett also found that during the course of adjustment cultures were 
extremely sensitive to disturbances such as exhaustion of oxygen or 
lower temperatures, whose effect on a drug-free culture would be 
manifested by only a slight lag or a reduced rate of growth. This again 
suggests that the response of cells to proflavine is highly dependent on 
their general metabolic activity. Further evidence for this view is 
provided by the experimental finding that the addition of inhibitory 
amounts of proflavine to cultures that had been allowed to start active 
growth in the absence of the drug resulted in much shorter lags than 
when the drug was added to the medium before inoculation. Since 
the number of viable cells in the two kinds of culture differed only by a 
factor of 5, extensive selection of resistant mutants is ruled out. Also, 
under the former conditions growth took place at drug concentrations 
that allowed no growth with the latter technique. 

E. THE PROPORTION OF THE POPULATION TAKING PART IN ADAPTIVE CHANGES 
Evidence has been presented that the majority of the cells can 

undergo adaptive changes in proflavine if the drug concentration is 
increased gradually. Further confirmation has been obtained by Baskett 
1952) from a study of the formation of filaments in proflavine. An 
analysis of cell length during the growth of a culture in steadily in
creasing concentrations of drug led to the conclusion that most of the 
cells were undergoing adjustment to the new conditions. 

F. ENZYME MODIFICATIONS IN CELLS TREATED WITH PROFLAVINE 
The action of proflavine on the dehydrogenase activity of Bact. lactis 

aerogenes has been shown to be, in general, parallel to its action on 
growth, although there is not a quantitative correspondence (James and 
Hinshelwood, 1948). For example, the concentration necessary for zero 
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dehydrogenase activity in a Thunberg type test is 900 mg per liter, 
whereas infinite lag results when a growing culture is inoculated into 
medium containing about 60 mg per liter. Training of the cells, however, 
induces resistance to the action of the drug on dehydrogenase activity as 
well as on growth. Training of Bact. lactis aerogenes to proflavine also 
induces resistance to methylene blue, and a similar trend is in evidence 
with dehydrogenase activity. The catalase activity is reduced by adapta
tion to proflavine (Cole and Hinshelwood, 1947). 

Other examples of the effect of proflavine on enzyme activities have 
been reported by Scopes and Hinshelwood (1952) and Dean and 
Hinshelwood (1951). In the former case a proflavine-trained strain was 
unable to ferment sucrose or to form acetylemethlcarbinol from glucose. 
Moreover it showed some adaptation to succinate. Proflavine causes 
damage to the cytochrome system in yeasts (Slonimski and Ephrussi, 
1949), and since this system and the succinic dehydrogenase system are 
closely related (Keilin and Hartree, 1940), it is feasible that training 
to proflavine may lead to an increase in the amount of succinic 
dehydrogenase to compensate for its decreased activity. In the experi
ments of Dean and Hinshelwood, the survivors of a population of rest
ing cells that had been treated with proflavine were also unable to 
ferment sucrose and grew more slowly than the parent strain in a 
defined medium. These survivors exhibited a continuous range of growth 
rates. The suggestion was made that proflavine interfered with adaptive 
enzyme formation by interfering with nucleic acid metabolism, a 
suggestion that receives further confirmation from the work of Oster 
(1951) and Caldwell and Hinshelwood (1950). Oster has demonstrated, 
by a photochemical method, the combination of acriflavine and nucleic 
acids, and Caldwell and Hinshelwood, in a study of the deoxyribonucleic 
acid content of cells of Bact. lactis aerogenes (which incidentally re
mains constant under a wide variety of experimental conditions), found 
that the long filaments formed under the influence of proflavine con
tained no more DNA than one normal cell, a result that suggests that 
the drug produces filaments by interfering with the deoxyribose 
structure. 

Although training to proflavine results in some adaptation to methy
lene blue and to succinate, it renders adaptation to glycerol and to 
D-arabinose more difficult (Scopes and Hinshelwood, 1952). There is 
considerable evidence that the response of Bact. lactis aerogenes to 
D-arabinose is of an adaptive nature (Baskett and Hinshelwood, 1951), 
and the thesis of this paper is that resistance to proflavine is obtained in 
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a similar manner. Theory predicts that antagonism between different 
adaptations is to be expected unless the enzymes involved are closely 
related or unless an enzyme capable of dealing with both substrates is 
present (Hinshelwood, 1952). 

G. T H E S T A B I L I T Y O F A D A P T A T I O N T O P R O F L A V I N E A N D O T H E R I N H I B I T O R S 

In general, the more thoroughly the training to proflavine has been 
impressed on the bacterial strain the less readily is it lost. For example, 
cells that have just acquired the ability to grow in the presence of the 
drug readily lose it on subculture in drug-free medium. As training 
proceeds reversion takes place less readily, until eventually the adapta
tion appears to be very stable Davies et ah, 1944; Pryce and Hinshel
wood, 1947). Reversion, when it does take place, need not be complete, 
but a lower level of immunity, the "equilibrium" state, may be reached. 

The* stability, however, is never absolute. This is shown in some 
investigations by Dean and Hinshelwood (1954a), in which Bact. lactis 
aerogenes was trained to proflavine and was then subcultured for a very 
long time (about 1,000 generations), at certain concentrations of drug. 
On return of the organism to drug-free medium, the resistance, although 
of considerable stability, was eventually lost on long-continued sub
culture. During the course of both adaptation and reversion the cultures 
passed through a phase in which wide fluctuations in growth rate, much 
greater than the experimental error, were observed from one subculture 
to the next. Similar stability relations were obtained with propamidine 
and chloramphenicol. 

These complicated stability relations are predicted by a theoretical 
consideration of linked enzyme models (Hinshelwood, 1952; 1953a) and 
their bearing on the question of adaptation or mutation will be discussed 
later. 

I I I . The behavior of Bact. lactis aerogenes on solid media 
containing antibacterial agents 

A. C O M P A R I S O N O F T H E S U R V I V A L O N S O L I D A N D L I Q U I D M E D I A 

Higher concentrations of antibacterial agents may often be tolerated 
in solid than in liquid media. For example, proflavine sulfate is about 
4 to 5 times more active and brilliant green about 10 times more active 
in liquid than in solid media (Dean, 1953). 

Several factors may explain this effect. First of all, there may be 
interaction between drug and agar. Proflavine has an influence on the 
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rigidity of the agar gel and, as shown by Alexander (1949), cationic dye-
stuffs such as brilliant green may be inactivated by combination with 
sulfate ions in the agar medium. Secondly, the rate of diffusion of drug 
molecules, antagonists, etc. will be considerably less in solid media, so 
that a cell that is able to begin growing on a drug plate need only, at 
first, inactivate the drug molecules in its immediate neighborhood if 
diffusion is the rate-limiting step. Sufficient antagonist may have been 
present in the cell when plated or may be produced during the early 
stages of growth, and this will clearly depend upon its metabolic state. 
Once growth has begun the rate of production of antagonists by the 
cell may be high enough to keep pace with the rate of diffusion of the 
drug molecules toward it. The rate of diffusion will be influenced by, 
among other factors, the viscosity of the medium, i.e., in a minimal 
agar medium by the concentration of the agar. Experiment has shown 
that the higher the agar concentration the greater the survival. For 
example, when similar inocula from a culture of Bact. lactis aerogenes 
were plated in agar media containing 1%, 1.5% and 2% agar, respectively, 
and in each case 212 mg per liter proflavine sulfate, the fractions of the 
inocula that formed colonies on the plates were 0.19 χ 10"6, 1.5 χ 10"6 

and 1.4 χ 10 4 , respectively. 

B. C O L O N Y F O R M A T I O N W I T H D I F F E R E N T A N T I B A C T E R I A L A G E N T S 

When Bact. lactis aerogenes was plated on proflavine agar the col
onies were of normal appearance, and their number decreased regularly 
as the drug concentration was increased (Dean and Hinshelwood, 1952b; 
Baskett, 1952). 

On agar containing brilliant green or 1-phenylsemicarbazide at con
centrations that allowed a countable number of survivors, colonies of 
normal size appeared at first, but on longer incubation they often became 
surrounded by a large number of very small satellite colonies well separ
ated from the central one. This formation of satellites seemed to depend 
upon the precise conditions of the experiment, since it was not observed 
in every case. 

With chloramphenicol, at low concentrations, there appeared on the 
plates colonies of normal size and also small colonies. As the drug con
centration was increased these small colonies became progressively 
smaller and finally disappeared, leaving only the normal sized ones. 

On phenol agar, specially marked variation in survival was observed 
from experiment to experiment at the same drug concentration. In addi
tion, as the concentration of drug was increased, two types of behavior 
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were observed. In one, the colonies gradually became smaller and finally 
disappeared in a way that made it difficult to specify a definite propor
tion as resistant. In the other, definite numbers of colonies appeared; 
these were smaller than the colonies obtained at low concentrations and 
were sometimes accompanied by barely visible microcolonies. On thymol 
agar the colonies were of normal size. 

The implications of this variable behavior will be discussed in the 
next section. 

C. T H E O R I G I N O F D R U G - R E S I S T A N T C O L O N I E S 

The cells that survive and form colonies on drug plates must obviously 
differ in some way from the rest of the inoculum. One point of view 
postulates that this difference is attributable to the presence of spon
taneously arising drug-resistant mutants in the original culture, and that 
survival in the presence of drugs is due simply to the selection of these 
resistant types. An alternative view is that some cells, according to the 
normal death rate law, would be expected to survive longer than others 
and would therefore have time to undergo adjustments of an adaptive 
nature. There would thus be a competition between the development of 
resistance and the death of the population. 

The variable pattern of behavior that occurs when Bact. lactis aero
genes is plated in the presence of various inhibitors raises doubts about 
the view that survival is dependent solely on the selection of resistant 
mutants. First of all, when Bact. lactis aerogenes is subcultured in a 
partially inhibitory concentration of phenol there is no improvement in 
growth rate in tests lasting for 100 subcultures, and yet some colony 
formation does take place on phenol agar. The appearance of satellite 
colonies with brilliant green and 1-phenylsemicarbazide suggests that a 
diffusion of metabolites or antagonists from the central colony takes 
place, and shows that the resistance is influenced by cooperative effects. 
Variations in the colloidal properties of the drug-agar gel could explain 
the occurrence of satellite colonies in some tests but not in others, since 
the rate of diffusion of antagonists from the central colony could have 
considerable influence on the result of a race between the death of the 
cells and the traversing of a lag phase in an adaptive process. In any 
case the agar gel, a network of macromolecules alternating with pockets 
of solvent, can hardly be regarded as perfectly homogeneous in relation 
to a bacterium, and thus survival may be influenced by the particular 
site occupied by the cell. 

More evidence regarding the origin of resistant colonies on drug 
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plates has been obtained by Dean and Hinshelwood (1953). They have 
shown that strains derived from colonies picked from plates containing 
various concentrations of proflavine in the range 320 to 50 mg per liter 
were no more resistant than the original culture on retest at the concen
tration from which they had been isolated. Nor were they any more 
resistant than a normal organism at lower drug strengths. If the colonies 
on these proflavine plates had consisted of clonal descendants of spon
taneous drug-resistant mutants in the inoculum, strains derived from 
them should have been completely resistant on retest, unless an absurdly 
high rate of reverse mutation to drug sensitivity is postulated, or unless 
it is assumed that during the preparation of the cultures prior to retest 
reverse mutants having a considerable selective advantage over the 
resistant cells are formed. There is direct evidence, however, that this is 
not the case, since when a strain of Bact. lactis aerogenes, which has been 
previously trained to proflavine in liquid media, is plated on drug agar 
the colonies that appear are completely resistant on retest. 

There exists the possibility that nonresistance on retest might occur 
because the mutants antagonize the drug during growth and thus allow 
nonmutants to grow in their immediate neighborhood in such a manner 
as to give rise to mixed colonies. Although antagonism of the drug does 
undoubtedly take place around the colonies, experiment has shown that 
when a few trained cells are mixed with a large number of untrained 
cells and the mixture plated on drug agar, the resistance of the colonies 
formed from the trained cells is not significantly lower on retest. 

Adaptive theories can provide a suitable explanation of the observed 
behavior, however, if in the early stages the training that has been 
lightly imposed on the bacteria has not attained its full stability. In 
addition, acid, which is formed as growth proceeds, antagonizes pro
flavine, and there would thus be less stimulus for unstably adapted cells 
to retain their resistance, or for their descendants to adapt so fully. This 
antagonism does not affect the resistance of stably adapted cells. 

Similar experiments have been carried out with chloramphenicol 
(Dean and Hinshelwood, 1953), and with brilliant green and thymol 
(Dean, 1953). Of 15 strains derived from colonies on chloramphenicol 
agar plates (100 mg per liter) two proved to be completely resistant, 
three partially resistant, and 10 no more resistant than the original strain 
on retest at the same drug concentration. These 10 strains, however, were 
almost completely resistant to 50 mg per liter. With brilliant green 
(32 mg per liter) and thymol (0.02%), strains derived from four colonies 
were examined. Three of the brilliant green strains were no more 
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resistant but the other strain was almost completely resistant on retest. 
All the strains from thymol agar were much more resistant when re-
tested, i.e., the fractions of the inocula that survived were 0.07, 0.15, 0.25 
and 0.27 respectively, compared with 0.6 Χ 10"7 in the original test. 

The main conclusion to be drawn from the experimental evidence 
presented in this section is that survival on a drug plate need not depend 
solely on the presence of the appropriate spontaneous mutants in the 
inoculum. This has considerable bearing on tests, such as the fluctuation 
test, in which it is assumed that all the colonies on the plates arise from 
resistant mutants. 

D. T H E L U R I A A N D D E L B R Ü C K F L U C T U A T I O N T E S T 

Much of the evidence that drug resistance is due to the selection of 
spontaneous resistant mutants has been obtained from experiments in
volving the Luria and Delbrück fluctuation test (Luria and Delbrück, 
1943). 

In this test, two systems are prepared: (1) multiple test systems con
sisting of 20 to 30 individual cultures of 0.3 ml volume taken from the 
same parent culture containing about 300 cells per milliliter; and (2) one 
15-ml culture from the same source. These cultures are grown up and 
are plated out at a chosen time to determine the number of survivors 
in the presence of a drug. Two assumptions are made: If there is a 
greater variation in the test on the small cultures than the platings from 
the large-volume culture the resistance is assumed to be due to spon
taneous mutation prior to contact with a drug. If there is no difference, 
however, it is assumed to be due to adaptation. 

What has frequently been observed is that the number of resistant 
survivors in a few of the cultures is very much different from that in the 
majority, where the numbers are more closely grouped about a mean. 
These few cultures are obviously abnormal in some way, but to con
clude that this is due to the incidence of mutations is to assume that no 
other source of uncontrolled variation (except that which would also 
affect parallel tests from a single culture) can exist during the prepara
tion of the cultures. 

It has been shown, however, that factors other than mutations may 
have a considerable influence on the proportion of colonies appearing 
on drug plates (Eriksen, 1949, 1953; Barer, 1951; Dean and Hinshelwood, 
1952a, b; Dean, this paper). 

Eriksen has shown that the size of test tubes in which sample cultures 
are grown exercise definite effects on the number of surviving colonies. 
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These effects could be related to the degree of areation and the age and 
biochemical heterogeneity of the culture, since small tubes inoculated at 
the same time as large tubes reach their final counts sooner, and, if 
sampled at a standard time, give samples of a greater biological age. 
Small tubes have probably remained more nearly in the aerobic state than 
the large tubes, but they will have been more sensitive to temperature 
fluctuations. These factors might act in opposing ways, but their existence 
is enough to suggest that parallel cultures need not be anything like 
comparable with samples taken from a single culture. 

It might be argued that uncontrolled factors such as aeration, temper
ature constancy, exact age, impurities from the glass, and so on are small 
enough to be negligible in relation to a population of millions of cells. 
In tests where a limited number of the cells form colonies on the plates, 
however, we are not dealing with the average of the population but 
(according to any hypothesis) with a very small proportion, and these 
cells must be in some way exceptional. They are survivors of a large 
population, and what we are dealing with may be therefore the extreme 
tail end of a roughly logarithmic survival curve, and this fact will mag
nify the effect of the differences resulting from unavoidable variations 
in the history of the cultures. 

The results of some fluctuation tests carried out with Bact. lactis aero
genes and proflavine will now be considered. From what has been 
said previously about the adaptive nature of the response of B. lactis 
aerogenes to proflavine in liquid media and on agar plates, the classic 
Luria and Delbrück pattern of behavior would not be expected. 
Nevertheless, when fluctuation tests were carried out there was a 
greater variation with samples taken from different cultures than with 
the same number taken from one of them. Further investigations 
showed that factors other than mutation, such as age, pH, and degree 
of areation, which could not be controlled so closely in separate cul
tures as in the same culture, had a considerable influence on the num
ber of resistant survivors and could explain the observed variation (Dean 
and Hinshelwood, 1952a). It was also shown that there is a competition 
between the development of resistance and the death of the population, 
and that the times at which the last surviving cell can be detected in a 
proflavine culture shows very great variation. The variation in colony 
number can thus be a function of survival rather than of mutation. The 
chances that a cell survives long enough to undergo an adaptive response 
will, as described previously, depend on its precise metabolic state at 
the time of transfer to the drug medium. 
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For comparison with the proflavine experiments a series of fluctua
tion tests has been carried out with brilliant green, chloramphenicol, 
thymol and phenol. In five experiments with phenol, although the Luria 
and Delbrück pattern of behavior occurred in 3 cases, there was one 
experiment in which there was no difference and one in which a greater 
variance was observed with the samples from the same culture. Bact. 
lactis aerogenes does not develop resistance to phenol but does so easily 
to chloramphenicol and yet in five fluctuation tests out of nine with 
chloramphenicol the results were negative, results which show that muta
tion was not responsible for survival or that the fluctuation test does not 
really prove mutation. Moreover, the degree of aeration during the 
growth of the cultures had an influence on survival in chloramphenicol, 
and the scatter of the survival times in liquid media containing phenol 
did not differ much from that in chloramphenicol. The differences in 
scatter were not very marked on brilliant green or thymol plates, although 
resistance to these drugs does develop (Dean and Hinshelwood, 1952b). 

In general, therefore, we may conclude that the fluctuation test does 
not prove that resistance of bacteria to drugs originates in spontaneous 
mutations. This view has of late become more widely appreciated (see 
for example Ravin, 1953; Cavalli and Lederberg, 1953). 

E. O T H E R T E S T S F O R T H E O R I G I N O F D R U G R E S I S T A N C E 

Attempts have been made to strengthen the fluctuation test by com
parison of the observed distribution of the colonies on the plates in 
parallel culture tests with that expected from the Lea and Coulson dis
tribution (see for example Ryan, 1952; Ravin, 1953; Cavalli and Leder
berg, 1953). An extension of the fluctuation test to include a test for 
"correlation of relatives" has been reported by Cavalli (1952), and other 
experimental methods such as Newcombe's "spreading technique" (New
combe, 1949) and replica plating (Lederberg and Lederberg, 1952) 
have been devised. It will be convenient to deal with these in turn. 

The theoretical distribution of the expected numbers of mutants in 
replicate cultures has been given by Lea and Coulson (1949). Armitage 
(1952, 1953) has developed the mathematical analysis to account for 
other assumptions. Nevertheless, is should be pointed out here that this 
distribution does not apply to polygenetia systems. If resistance to pro
flavine is to be assumed of mutational origin (in spite of general evidence 
against this view) at least there must be a highly complex polygenetic 
system. Ryan (1952), in a study of the adaptation of E. coli ML to 
lactose, has compared the observed and theoretical distributions of 
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mutants, and from the goodness of fit between these distributions has 
argued (supplemented by other evidence, which is discussed elsewhere 
(Dean and Hinshelwood, 1954b)) that adaptation to lactose is of muta
tional origin. Other examples are discussed by Cavalli and Lederberg 
(1953). It is doubtful whether the fit is in fact ever good enough to 
distinguish between mutation and other phenomena that might conform 
to generally similar statistical laws, and agreement with a mathematical 
distribution does not necessarily prove the assumptions on which that 
distribution is based, since different assumptions not infrequently lead 
to similar distributions (Hinshelwood, 1953b; Armitage, 1953). 

In Cavalli's refinement of the fluctuation test a series of parallel 
cultures were tested by the usual fluctuation test technique, and in 
addition some of the colonies that appeared on the plates were re-
tested for their average resistance. It is argued (Cavalli, 1952; Cavalli 
and Lederberg, 1953) that if the difference in the number of colonies 
formed on the drug plates is due to environmental variation during the 
growth of the cultures, then it would be expected on an adaptive 
hypothesis that the factors favoring the appearance of a high number of 
colonies on the plates should also increase their average resistance. Since 
there was no correlation between these two variables the test was taken 
as evidence for mutation and selection. 

An adaptive hypothesis does not, however, imply a relation between 
the number of survivors and their degree of resistance on retest, since, 
although survival on proflavine plates is influenced by variations in 
environmental conditions during the growth of the cultures prior to 
plating, experiment has shown that cultures prepared from colonies on 
proflavine plates are no more resistant than a normal organism. Clearly, 
in this example, a correlation between the number and the average 
resistance of the colonies is meaningless. 

In any case, during the growth of a colony on a plate the degree of 
adaptation that takes place will be influenced by factors unrelated to the 
number of colonies, such as the production of antagonists or metabolites 
that neutralize the drug. The rate of production of antagonists may vary 
from colony to colony and, indeed, would be expected to do so, from a 
consideration of the variable counts at which bacterial cultures change 
over from the logarithmic to the stationary phase of the growth cycle in 
liquid media. Variations in the degree of resistance on retest may there
fore be found from colony to colony, but this need bear no relation to 
the number of colonies on the plates, unless of course this number is so 
large that antagonists from one colony can neutralize the drug around 
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other colonies. The nonresistance of colonies from proflavine plates when 
they are retested can be explained by the fact that this drug is readily 
antagonized by acids that would of necessity be produced during their 
growth; thus, as pointed out earlier, there would be less stimulus for 
unstably adapted cells to retain their training or for their progeny to 
adapt. 

In experiments with chloramphenicol (see earlier), when all the 
colonies on a series of drug plates (100 mg per liter) that had received 
similar inocula from the same parent culture were retested, the resistance 
varied from colony to colony in such a manner that the computation of 
the average resistance would be of little value. 

It is true that the variation in the degree of resistance of the colonies 
from the same culture was much less in Cavalli's experiment than in the 
experiment just described, although the same drug was used. The drug 
concentration was lower, however, and a strain of Escherichia coli was 
used. Nevertheless the general conclusion remains that there need be 
no correlation, even on an adaptive hypothesis, between the number of 
colonies on a plate and their average degree of resistance. Moreover, the 
behavior observed on Cavalli's plates was similar to that observed when 
Bact. lactis aerogenes was plated in low concentrations of chloram
phenicol, in that secondary colonies appeared on longer incubation. He 
found these secondary colonies to be less resistant than those that ap
peared first and ascribed their later development to longer lags or slower 
growth rates. It is also suggested in his paper that inactivation of the 
drug by the diffusion of antagonists from the earlier colonies may have 
had an influence on the formation of these secondary colonies. The 
entire picture suggests, therefore, that survival on his plates was not 
simply a selection of spontaneously arising resistant mutants. 

Newcombe's experiment consisted in inoculating a series of agar 
plates with a suitable number of bacteria and then incubating until 
microcolonies appeared. The microcolonies on each alternate plate were 
then dispersed over the surface of the agar, and all the plates sprayed 
with bacteriophage. A greater survival was found on the spread plates, 
and this, it was claimed provided evidence for the spontaneous origin 
of phage-resistant mutants. The assumption made was that spontaneous 
resistant mutants arose in the microcolonies during the preliminary period 
of growth, and thus if a microcolony contained more than one mutant 
a greater number of resistant colonies would be found on the spread 
plates. It was also argued that if resistance was due to adaptation, then 
spreading would serve only to redistribute the members of a homo-
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geneous population, and thus there should be no appreciable increase 
in the number of resistant colonies on the spread plates. What New-
combe's assumption really amounts to is that the chance that a micro-
colony will give rise to a resistant colony is directly proportional to the 
number of bacteria in it. 

Similar experiments have been carried out with drugs (Bornschein 
et al., 1951), and although this technique has been regarded as provid
ing complementary evidence to the original conclusions from the fluc
tuation test (Spicer, 1952; Armitage, 1953), there are certain objections 
to it that are not easily answered. 

Even when mutation is excluded, the cells of separate microcolonies 
do not form identical and random groups. All those from a colony devel
oping late, for example, will be younger than those formed in another 
colony developing earlier. Therefore, some colonies may contain no cells 
likely to adapt after spraying; others may contain many. Thus in un-
spread plates many potential colony-formers are wasted by being con
tained in the same microcolony, which of course can only give one single 
final colony. 

In the experiments with drugs, the microcolonies were grown on a 
thin membrane and those on one half of it were dispersed. The mem
brane was then transferred to a drug-agar plate and, after incubation, 
ten times as many colonies appeared on the spread part of it. In addition 
to the above criticisms, this experiment is subject to the doubts expressed 
earlier whether mutations provide the sole explanation for survival on 
drug plates. Moreover, during the spreading process metabolic products 
capable of antagonizing the drug would, if present in the microcolonies, 
be dispersed over the surface of the agar, so that resistant colonies might 
arise more easily than on the unspread plates. That the rate of produc
tion of these antagonists might vary from colony to colony has been 
discussed previously. 

Replica plating, when it is successful, would seem to provide evi
dence for the theory of spontaneous mutation; but the experimental evi
dence is at present scanty, and more work is desirable. For example, in 
the experiments of Lederberg and Lederberg (1952) on streptomycin 
resistance, only about one cell in 109 formed a colony at all, and then 
only in two or three out of a large number of plates. Information about 
the behavior at lower drug concentrations would be of interest. Negative 
results have been reported with Bact. lactis aerogenes and chloram
phenicol (Dean and Hinshelwood, 1953) and with Bact. lactis aerogenes 
and proflavine (Dean, 1953). 
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The part played by genetic recombination in drug resistance will 
not be critically examined here (for review see Abraham, 1953; Cavalli 
and Lederberg, 1953), since it does not prove that drug resistance owes 
its origin to spontaneous mutants but may indicate whether gene changes 
are associated with resistance (Cavalli, 1952). Moreover, it is not rele
vant to the present discussion, since the emphasis is on the resistance of 
Bact. lactis aerogenes to various inhibitors and in particular to proflavine. 

IV. Conclusions 

The salient features of the adaptation of Bact. lactis aerogenes to pro
flavine in liquid media may be summarized as follows: (1) The resist
ance is continuously graded to conform to the exact concentration at 
which training has been carried out. (2) Under certain conditions the 
response takes place so rapidly that an extensive selection of mutants is 
ruled out. In less favorable circumstances long lags or even cessation of 
growth occur. (3) The stability of adaptation is a function of the thor
oughness with which the training has been carried out, but even after 
long continued subculture, although the resistance is tenaciously held, 
it never seems to become absolute. (4) During the course of both train
ing and detraining wide fluctuations in growth rate occur from one sub
culture to the next. (5) Enzymatic modifications occur in the adapted 
cells, and cross-training phenomena are in evidence. 

An adaptive hypothesis involving the expansion of inhibited enzyme 
systems can explain this pattern of behavior. Alternatively, a complex 
polygenetic system could be postulated to explain the graded response 
and doubtless, with sufficient auxiliary assumptions, could also account 
for the stability relations and for the fact that although training to pro
flavine confers some adaptation to methylene blue and to succinate it 
renders adaptation to glycerol and to D-arabinose more difficult. The 
gradual purification of a mutant strain from unchanged cells could not 
explain the eventual reversion after long-continued subculture in drug-
free medium. Nor does it provide a convincing explanation for the fluc
tuations in growth rate, since faster-growing back-mutants could not be 
so rapidly eliminated after they had temporarily come into prominence 
and populations of normal and mutant cells could not show changes in 
proportions at the required rate. An unstable reaction pattern that has 
not become fully established could, however, explain the behavior (Hin
shelwood, 1952; 1953a). 

On the whole, therefore, an adaptive hypothesis is preferred, since 
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it necessitates fewer assumptions. This does not imply that mutation and 
adaptation are mutually exclusive and the problem is to decide which 
mechanism is the more important in any given example. 

The behavior of Bact. lactis aerogenes on solid media containing 
various antibacterial agents further substantiates an adaptive hypothesis 
and shows that survival on a drug plate, in some cases at least, does 
not depend solely on the presence of the appropriate spontaneous resist
ant mutants in the inoculum. In view of this it is suggested that plating 
tests, which purport to prove that drug resistance originates in spon
taneous mutations, should be interpreted with caution. Moreover it is 
concluded that in tests such as the fluctuation test and Newcombe's 
"spreading technique," factors other than mutation may have an influ
ence on the final result, and also that the argument of the former test is 
not necessarily strengthened by invoking the Lea-Coulson distribution 
or by correlating the number of surviving colonies with their average 
resistance. 
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