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W . D. M C E L R O Y , Chairman 

W . D. MCELROY: Before starting the general discussion, I would like to call 
on Prof. T. Akiba of the University of Tokyo, Japan, to present some of his findings. 

T. AKIBA: Origins of Bacterial Resistance to Streptomycin. 

I wish to report here the results obtained to date in regard to the origin of 
drug resistance in bacteria. In in vitro experiments, two methods have been used to 
develop resistance to a drug. One method consists of transferring successively the 
bacteria in a medium containing increasing concentration of a drug, and the second 
method is to repeatedly subculture the organisms in a medium containing the same 
concentration of drug. 

To simulate the conditions in a host under treatment with chemotherapeutics, 
under which conditions the drug concentration in the organs or tissues does not exceed 
a certain range of cencentration, we tested the mode of acquisition of bacterial resist
ance by the action of a constant concentration of drug on bacteria. 

A sensitive strain of Escherichia coli communis B-19 was cultivated for three 
days in broth containing 0.5 μg per milliliter of streptomycin, and then one loopful 
of bacteria was transferred into the same medium and cultivated for three days. 
During successive serial cultures, the survival curve of each culture was determined 
routinely. The results showed that the resistance of cells gradually increased with 
serial transfers, even though the selective activity of streptomycin does not come 
into play. 

Furthermore, it was observed that the resistance of Staphylococcus aureus in
creases in broth containing such minute amounts of streptomycin as to be without 
selective effect. This strain was not inhibited at all by concentrations of streptomycin 
less than 0.05 μg per milliliter broth. Hence, when this strain is cultured in broth 
containing 0.01 μg per milliliter of streptomycin, the selection by antibiotic of the 
spontaneously evolved resistant cells, if present, cannot take place. Under these 
conditions, however, highly resistant mutants appeared. 

I think the phenomena mentioned above cannot be satisfactorily explained by 
the spontaneous mutation and selection theory alone. However, these phenomena 
are possible if any one of the following factors is in operation: 

1. If resistant cells grow more rapidly than sensitive ones in the medium con
taining a minute dose of streptomycin. 

2. If cell components of resistant mutants induce sensitive cells to acquire 
greater resistance. 

3. If streptomycin by itself induces resistance. 
The growth rate was compared among the sensitive parent strain, low resistant 

strain and medium resistant strain. The latter two strains were derived from the 
82 
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former. The results show that the growth rate decreases with the increase in resist
ance to streptomycin. 

According to our experiments, the filtrate of broth culture of a highly resistant 
strain can induce resistance in the sensitive cells, but the filtrate of the low or 
medium resistant strain fails to do so. 

The above results led us to postulate that resistance mutation was induced by 
streptomycin. We then examined the possibility whether streptomycin can induce 
resistance in bacteria in the nonproliferating state. We believe that the acquisition 
of resistance in absence of growth should exclude the selection of resistant mutants 
postulated to emerge spontaneously. 

Klein-and Kimmelman (1946) and Newcombe and McGregor (1951) reported 
that the presence of streptomycin had no detectable specific effect on the mutation 
rate of cells resistant to streptomycin. 

Linz (1950) noted that streptomycin induced resistance, indicated by the fact 
that though no resistant cells were present at first, one or more days later the appear
ance of resistant cells was observed. These authors denied the existence of induced 
mutation in resting state by streptomycin. To elucidate this question the following 
experiments were carried out. 

Development of resistance to streptomycin under nonproliferating conditions. 
As test organisms, Staph, aureus 209P, E. coli B-19 and Mycobacterium tubercu
losis H37RV were used. 

Staph, aureaus and E. coli were cultivated in broth for 20 hours and Myco, 
tuberculosis was cultivated homogeneously in Dubos medium for seven days. The 
bacterial cultures were washed three times with phosphate buffer (pH 6.8 to 7.8) 
by means of centrifugation. The washed cells were resuspended in phosphate buffer 
and stored for 24 hours at 37 °C in order to let them exhaust the stored nutritive 
materials. The suspensions were then centrifuged and the bacterial pellets were 
resuspended in buffer; to one aliquot an adequate amount of streptomycin was 
added, and other aliquot served as a control. These tubes were incubated at 37 °C 
or 0°C for the arbitrarily chosen time. After incubation, the suspensions were plated 
out on agar plates or in semisolid Kirchner's media (for Myco, tuberculosis) to which 
specified amount of streptomycin had been added. The results obtained are shown 
in Tables 1, 2, and 3. 

Staphylococcus aureus 209 Ρ (Table 1 ) . By exposure to 2.5 μg per milliliter 
of streptomycin even at 0°C for seven days, the number of 2.5 μg per milliliter 
resistant cells appeared, which were not found in the population of 106 per milliliter 
in the parent strain. By exposure at 37 °C cells resistant to 10 and 100 μg per milli
liter developed. It appears that streptomycin might probably function more actively 
at 37 °C than at 0°C, which finding was utilized in the following experiment. 

Escherichia coli communis B-19 (Table 2). The number of mutants resistant to 
10 μg of streptomycin per milliliter was five in the untreated culture. There were no 
cells resistant to 100 and 1,000 μg of antibiotic per milliliter in the untreated culture. 
In the bacterial suspensions treated with 2.5, 10, and 100 μ% of antibiotic per milli
liter as seen in Table 2, cells resistant to 100 and 1000 μg of streptomycin were 
obtained. After 13 day's exposure to 100 /ig of streptomycin at 37 °C, practically 
100% conversion of the sensitive cells to 1,000 μg of streptomycin-resistant population 
took place. Sensitive cells were exposed to 2.5 ^g of streptomycin under same con
ditions; of the 940,000 surviving cells 30,000 were resistant to 10 μg of streptomycin, 
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and only two resistant to 1,000 /ig of streptomycin. These results show that 100 μ% 
streptomycin was more effective than 2.5 μ% in inducing resistance. 

TABLE 1. Development of Resistant Mutants (Staph, aureus 209P) by 7-day Exposure 
to Streptomycin in Nonproliferating State in Phosphate Buffer of pH 7.8 

/ig of Streptomycin/ml 
used to measure the 
Acquired Resistance 

Temperature of Exposure 

37°C. 0°C 

/*g of Streptomycin/ml to which cells were exposed 

0 2.5 2.5 

No. of Resistant Mutants on Agar plates 

0 3 .1x10° 2.5 χ 10 5 3.2x10« 
0.05 3 .3x lO e 2.4 xlO 5 3 .6x lO e 

0.5 30 2.4 xlO 4 3 .1x lO e 

2.5 0 1.9 xlO 5 73 
10.0 0 50 0 

100.0 0 30 0 
1000.0 0 0 0 

TABLE 2. Development of Resistant Mutants (E. coli, B-19) by 13-Day Exposure at 
37 °C to Streptomycin in Nonproliferating State in Phosphate Buffer of pH 7.4 

/ig of Streptomycin/ml. 
used to measure the 
Acquired Resistance ' 

/zg of Streptomycin/ml to which cells were exposed 

0 2.5 10 100 

No. of surviving Resistant Mutants on Agar Plates 

0 2.0 χ 10 e 9.4 χ 10 5 6.7 χ 10 4 4.7 χ 10 4 

0.05 1.4 χ 106 3.4 χ 10δ 6.6 χ 10 4 4.7 χ 104 

0.5 1.3 χ 105 2.7 χ 105 6.0 χ 10 4 4.6 χ 10 4 

2.5 1.1 χ 102 1.2 χ 105 4.7 χ 10 4 4.3 χ 10 4 

5.0 81 1.1 χ 10 5 2.9 χ 10 4 4.0 xlO 4 

10.0 5 3.0 χ 10 4 2.6 χ 10 4 4.2 χ 10 4 

100.0 0 2 7.7 xlO 2 4.1 χ 10 4 

1000.0 0 2 79 3.8 χ 10 4 

Mycobacterium tuberculosis H37RV (Table 3 ) . In the untreated culture, 
although mutants resistant to more than 0.5 μg per milliliter were never detected in 
the culture treated with 0.2 μg per milliliter for 37 days, the mutants resistant to 
100 μg per milliliter appeared at a remarkable rate. There were 420 resistant cells 
out of a total of 32,000 viable cells. 

The above observations might be open to the question whether or not the 
multiplication of bacteria during the period of exposure at 37 °C occurred. The 
possibility exists that some cells might have been autolyzed and utilized as growth 
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TABLE 3. Development of Resistant Mutants (Myco, tuberculosis H37RV) by 37-Day 
Exposure at 37 °C to Streptomycin in Nonproliferating State in Phosphate Buffer 

of pH 6.9 

/ig of Streptomycin/ml to which cells were exposed 
/ig of Streptomycin /ml 

used to measure the 0 0.2 
Acquired Resistance 

No. of Surviving Resistant Mutants in semisolid Media 

0 3.1 xlO 4 (100) 3.2 xlO 4 (100) 
0.1 2.5 xlO 4 (80) 3.0 xlO 4 (100) 
0.5 0 1.9xlO 3 (59) 
1.0 0 1.8 xlO 3 (56) 

10.0 0 1.9 xlO 3 (55) 
100.0 0 4 . 2 x l 0 2 ( 1 . 3 ) 

nutrients, since the concentration of streptomycin was relatively minute. If so, with 
other antibiotics the development of resistant mutants must be similarly detectable. 
We could not demonstrate the occurrence of this phenomenon, however, in cases 
where the same experiments were carried out with penicillin and chloramphenicol. 
On this basis, I think that the multiplication of bacteria under the above-mentioned 
conditions might be negligible. On the basis of these experiments, I have come to 
believe that streptomycin induces resistance in bacteria. 

Tanaka and Sato (1952) tested the effect of streptomycin on the mitotic cells 
of Tradescantia palludosa by immersing the root tip in solutions of variable concen
trations of streptomycin. They noted the contraction, stickiness, clotting, fragmenta
tion, and reductional grouping of chromosomes, which are identical with changes 
provoked by X-ray irradiation or the action of mutagenic chemicals. These findings, 
led them to believe that streptomycin might have mutagenic effect. They also exam
ined whether streptomycin increases the back mutation rate of Ustilago maydis from 
methionine dependence to methionine independence. They found that the mutation 
rate increased with the increase of the concentration of the drug to which the 
mutant cells were exposed. 

Summary. The development of bacterial resistance to streptomycin occurs under 
conditions where the selective action of the drug, or the possible transductive action 
of the components of resistant cells or sensitive cells, are not in operation. By expos
ing bacteria to streptomycin in nonproliferating state, the emergence of resistant 
mutants was demonstrated. These results permit us to postulate that streptomycin 
exercises mutagenic effect, and the induced mutation may be the essential mechan
ism of the developmnet of bacterial resistance to streptomycin. 

W. D. MCELROY: I would like to call now for some brief comments by Dr. 
DeLamater of the University of Pennsylvania, who has been studying the effect of 
antibiotics on bacterial morphology. 

E . D. DELAMATER: The Antimitotic Inhibition Produced by Antibiotics and 
Other Selected Drugs. 

During the last four years methods have been produced consisting of a 
modified Feulgen procedure in which a substituted Schiff reagent is used, and 
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a freezing-dehydration technique that permits the making of undistorted premanent 
preparations. Cytologic studies of the nuclear apparatus of normal vegetative cells 
of several species of bacteria have permitted the definition of a mitotic process 
in these organisms. Following the demonstration of mitotic apparatus in normal 
cells, the influence of drugs of a known antimitotic nature, such as colchi
cine, camphor, formaldehyde, etc., were analyzed in terms of their effects upon 
the normal mitotic patterns. These studies have indicated that the bacteria are 
susceptible to the action of these drugs and that cytologically observable and interp-
retable effects are produced by them. These studies show a suppressive action or 

FIG. 1. Bacillus megaterium treated with Magnamycin. X4850. Central cell 
shows arrested anaphase with centrioles in polar position. Chromosomal material 
dense. Nuclear membrane thickened and heavily stained. Left-hand cell shows two 
nuclei in arrested metaphase. Centrioles are not in focus. "Crosswäll," characteristic 
of Magnamycin effect, present. 

FIGS. 2,3,4. Bacillus megaterium, normal cells. X4850. Fig. 2—late prophase; 
three chromosomes visible in vesiculate nucleus. Figs. 4 and 5, normal anaphases. 
Fig. 3 shows lagging chromosomes. Fig. 4, upper cell, the lower sister nucleus is 
tilted to show three chromosomes. 
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inhibition of the mitotic mechanism, thus adding supporting evidence for the pres
ence within the nuclei of these organisms of a mitotic apparatus (Levan (1951): 
Cold Spring Harbor Symposia Quant. Biol. 16, 409-410) . 

More recently antibiotics of the tetracycline, streptomycin, erythromycin and 
viomycin groups have been studied in an effort to ascertian the cytological and cyto-
chemical effects of these compounds on the bacterial nucleus. All the antibiotics 
studied have been shown to produce mitotic inhibition of varying degrees and of a 
type characteristic for each type or group of compounds, so that the effects of indi
vidual compounds were recognizable and even diagnostic. In the case of Oxytetra
cycline, inhibition of the mitotic process consisted of an arrest between prometaphase 
and anaphase with the subsequent development of what appears to be a transient 
polyploidy. With recovery from the influence of this drug, the haploid complements, 
each consisting of three chromosomes, are segregated by a sort of sacculation process, 
and the mitotic mechanism is reinstituted. P-Aminosalicylate, in contrast to Oxytetra
cycline, appears to inhibit the mitotic cycle by suppressed centriolar division, thus 
producing characteristic unipolar configurations (Symposium on Bacterial Cytology 
p. 10&-135. 6th International Congress of Microbiology. Rome, Italy, 1953). 

Extensive studies with colchicine on Salmonella typhosa have produced con
figurations very comparable to those produced by the action of Oxytetracycline on 
Bacillus megaterium (Minsavage and DeLamater, 1955; J. Bacteriol. in press; De-
Lamater, 1954, Am. Rev. Microbiol. 8, 23-46, 1954; Abstract, Proc. International 
Congress of Microbiology, Rome, 1953). 

This work constitutes a demonstration of the antimitotic activity of the various 
antibiotics and other compounds so far tested. It is felt that these cytologically observ
able effects are probably secondary and dependent upon some primary biochemical 
inhibition. It seems to us to be important that it is possible to visualize and interpret 
the effects of these drugs as inhibitors of specific intracellular organelles. It is inter
esting to note, in closing, that once a bacterium has mutated to resistance to such 
a drug as Oxytetracycline, it no longer shows the cytologic effects described when 
grown on a normally effective dosage of the drug. Many other types of compounds 
have been found to have distinctive cytological effects and are being analyzed. The 
cytological and cytochemical approach to the study of drug action is proving to be a 
productive one worthy of further amplification. 

W. D. MCELROY: NOW I would like to throw the floor open to informal brief 
questions and also the answers, if possible brief. 

V. BRYSON: I would merely like to point out that the arguments advanced by 
Dr. Dean in support of adaptive changes to proflavine resistance depend for validity 
on certain premises that require close inspection. Dr. Dean has dismissed both the 
Cavalli test for correlation between degree and incidence of resistance, and the Luria-
Delbrück fluctuation test as scientifically useless. The former appears suspect because 
it is primarily a commonsense proof, and common sense in science is notoriously un
reliable. The fluctuation test is rejected because it suggests that differences in the 
size of resistant populations in independent cultures, obviously with a greater vari
ance than expected through sampling error, do not necessarily arise from mutation. 
So far we could agree. However, the fluctuation test should not be dismissed simply 
because it fails to give a Poisson distribution when used to test the development of 
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resistance to proflavine. The premise that proflavine resistance arises primarily by 
phenotypic adaptation provides the basis for dismissal of the test. One could as well 
take the premise that genetic differences do exist that contribute to the development 
of proflavine resistance, and that the tests in question serve to confirm this fact, 
even as they were intended to do. 

W. D. MCELROY: I will raise one question before you leave that I am sure someone 
is bound to ask. Can you set up statistical tests in such a manner as to eliminate the 
problem raised by Dr. Dean? 

V. BRYSON: Yes, although the scientific data to support these tests have not been 
derived from studies of drug resistance. Lea and Coulson, followed by Armitage, have 
been able to formulate a purely mathematical prediction of the distribution to be 
expected if an aberrent class of cells arises according to a probability distribution and 
then gives rise to similar cells by descent. The statistical formulation fits genetic theory, 
with the probability distribution defined by the mutation rate. Ryan has performed 
experiments on mutation to lactose utilization in E. colt that provide a good approxi
mation to the statistical prediction. It is also significant that Spiegelman has used 
the fluctuation test in examining a simple instance of enzymatic adaptation. Here the 
distribution of adapted cells was Poissonian, as expected, proving that the test permits 
a discrimination. We should realize that the validity of the fluctuation test has become 
a minor issue, since at least half a dozen other methods (some better) now exist for 
examining the same questions. All these methods strongly support the view that muta
tion plays a significant role in the development of resistance to most agents. Perhaps 
proflavine is an exception. 

W. SZYBALSKI: In deference to the limited amount of time, I shall confine myself 
to a few comments concerning Dr. Dean's lecture. 

I agree, as discussed in our own paper, that phenotypic adaptation is one of the 
possible mechanisms of drug resistance. Dr. Dean's data indicate to me, however, 
that in his case of proflavine training there are several kinds of adaptation running 
simultaneously or sequentially. The hypothetical and rather oversimplified mecha
nism proposed previously by Hinshelwood seems to be an insufficient explanation. 
The possible loss of mitochondrialike particles under the influence of acridine dyes 
(Ephrussi, B., and Hottinguer, H. ( 1 9 5 1 ) . Cold Spring Harbor Symposia Quant. 
Biol. 16, 7 5 ) has also to be considered. Especially, the differences between slightly 
and profoundly trained bacteria suggest the selection of better-adapted mutants 
during a prolonged period of training, analagous to the selection of constitutive 
-galactosidase producers in an inducible population of E. coli (Cohen-Bazire, G., 
and Jolit, M . ( 1 9 5 3 ) . Ann. Inst. Pasteur 84, 9 3 7 ) . It is difficult to imagine that a 
highly heterogeneous population of Aerobacter aerogenes would fail to undergo selec
tive changes partially dependent upon genotype under prolonged cultivation in the 
presence of toxic concentrations of proflavine (i. e. in highly selective conditions). 
Adaptation of a purely phenotypic nature, as postulated by Dr. Dean, certainly may 
have an important role, but hardly an exclusive one, in the complex phenomena leading 
to drug resistance. 

A few other comments may clarify some experimental details. The argument of 
non-Poissonian distribution of phenol-surviving colonies must be based on a misunder
standing. The colonies scored in the variance test must be composed of permanently 
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resistant cells, tested at definitely inhibitory concentrations of the toxic agent. This 
certainly is not the case in Dr. Dean's experiments, where no phenol-resistant cells 
were isolated. On the other hand, the reported development of phenol resistance 
(Berger, H., and Wyss, O. (1953) . J. Bacteriol. 65, 103) have also to be considered. 

The interesting observation by Dr. Dean on fluctuations in the growth rate of 
deadapting proflavine-resistant strains is not necessarily contrary to the principle of 
reverse selection. Comparative growth rates do not have to be the sole measure of 
selective advantage. Interaction between strains resulting from the accumulation of 
reciprocally toxic intermediates might provide a basis for the selective displacement of 
a faster growing strain. 

Many similar, seemingly controversial problems were exhaustively discussed in 
the Third Symposium of the Society of General Microbiology in London (Adaptation 
in Micro-organisms. Cambridge, 1953) and do not have to be repeated here. 

Η . B. NEWCOMBE: I would like to agree with Dr. Dean on one point: It is diffi
cult to interpret the results of the fluctuation test (or of the replica plate test * when 
a negative result is obtained) unless the colonies that appear on the presence of the 
antibacterial agent are known to be truly resistant. In all the carefully designed 
experiments the surviving colonies have been picked and retested for resistance in 
liquid culture. This has been done in the case of resistance to bacteriophage, to strepto
mycin, and to isoniazide. 

However, the chief reason for confidence in the fluctuation test as applied to 
suitably chosen systems is that it yields the same answer as the replica plate test.* and 
this of course provides a much more direct and conclusive demonstration of sponta
neous mutation. 

A. GOLDSTEIN (Harvard University): I should like to stress a point of agreement 
that has emerged from this discussion. Dr. Dean, although taking issue with the fluc
tuation test as a proof of preadaptive mutation, accepts the validity of the replica 
plate test.* I think we would all agree that this test is the most convincing demonstra
tion of the presence of drug-resistant clones that have never been exposed to drug. 
The only alternative interpretation would seem to be that the mutational change in 
such clones is not to a specific kind of drug resistance, but rather to a general capacity 
for adaptation. This possibility, however, has been excluded, in the Lederbergs' 
original report and later in our laboratory and elsewhere, by showing that these 
clones are in fact specifically resistant to a single drug. We find, for example, that 
there is no positional identity of phage-resistant and streptomycin-resistant Escheri
chia coli colonies on replica plates; nor, indeed, between colonies resistant to two 
different concentrations of streptomycin. If, as Dr. Dean indicates, there is agreement 
between us on the interpretation of the replica plate test,* it should prove very useful 
in resolving disputes about the mutational or adaptive origin of resistance to particular 
antibacterial agents. 

R . DONOVICK: I think that Dr. Bryson made a particularly good point when he 
said that the example one uses is very important to whether his argument is to be 
believed. Sometimes examples that are chosen are very questionable. Without wishing 

* For biochemical and resistance or sensitivity differences of replica colonies see the concluding 
report below by Sevag and Lam. 
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to be at all offensive to Dr. Newcombe, I still must admit that I am dubious of the 
significance of the difference in phage resistance shown in the present example. 

In the table shown, a comparison is made of 0.47 with 0.62. I am frankly dubious 
of the statistical significance of the difference between these two numbers. Were 
they analyzed? 

Η. B. NEWCOMBE: They were analyzed, but I wasn't especially concerned about 
that particular difference. What is crucial is whether the ratio of the mutation rates 
to streptomycin resistance (in the presence and in the absence of streptomycin) 
differed significantly from the ratio of the rates to phage resistance (under the same 
pair of conditions). If these ratios had been significantly different, and if the muta
tions to streptomycin resistance had increased to a greater extent by the presence of 
streptomycin, one would have concluded that there was a degree of specificity. But 
in the absence of any significant difference in these two ratios, there is no evidence 
that streptomycin acts specifically to favor mutations to streptomycin resistance. 

R. DONOVICK: Except that I am specifically asking, were they statistically 
significant? 

Η. B. NEWCOMBE: Streptomycin appeared to increase the likelihood of muta
tion to streptomycin resistance and also to phage Tl resistance. In both cases however 
the magnitude of the increase was small (factors of 2.4 and 1.6 respectively) and 
the level of significance borderline (t = 2.33 and 2.00 Ρ = .02-.05 and .05). But 
this is not the important point. 

What is important is that we have no indication that streptomycin affected 
mutation to streptomycin resistance any more than it did a completely unrelated 
kind of mutation, i.e. to phage resistance, WQ 2.4-fold, A 1.6-fold, but this differ
ence is statistically insignificant (t = 1.23; Ρ — .20). In other words, streptomycin 
is non-specific in its measurable effects on mutation. 

H. TREFFERS: I am not in disagreement with Dr. Newcombe's basic approach. 
I would just like to comment on one variable that may possibly be operating in the 
interesting experiment with and without streptomycin. I think it is generally recog
nized that the growth rate of resistant cultures is often slower than that of the parent 
form. In some measurements we have made in our laboratory we have found in 
addition that resistant organisms we put into the drug, grew even more slowly in 
the drug. So, in particular experiments we have, it is quite possible there was a differ
ential growth rate between the cultures without the drug, and those with the drug. 
In other words, those with the drug took longer to reach what we will assume is the 
same maximum population. Now if time were a variable in these, and usually time 
is not taken to be a variable in fluctuation tests because all the tubes are read at the 
same time, then the one in the presence of the drug would have been growing for a 
long time. Since time may be a variable factor, systems with and without drug may 
not be strictly comparable. On the other hand, one could compare, as you did in the 
V-2 case, to see whether generally all the rates were increased and I think then 
additional data might be decisive. 

A. C. R. DEAN: (replies to questions by Drs. Bryson, Newcombe, Szybalski and 
Goldstein): 

In reply to Dr. Bryson; I should like to point out that the bulk of the evidence 
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in support of the adaptive nature of proflavine resistance has been obtained from 
experiments with liquid media. The behavior in solid media, in particular the phe
nomena associated with the nonresistance on retest of cultures derived from colonies 
on proflavine plates, strengthens this view. Nevertheless some fluctuation tests with 
proflavine, if interpreted in the Luria-Delbriick manner, did indicate that the resist
ance arose by spontaneous mutation prior to contact with the drug. This apparent 
paradox was resolved by further experiment in which it was shown that environ
mental factors, which are not normally controlled closely, could explain the observed 
variation in survival between the "different culture" tests and the "different sample" 
tests. The Luria-Delbrück interpretation of the fluctuation tests is thus open to 
considerable doubt. 

Our objections to the fluctuation test are not based solely on experiments with 
proflavine. Perhaps I did not make it sufficiently clear in my short talk this morning 
that we have investigated the fluctuation test using other drugs, viz. brilliant green, 
phenol, chloramphenicol, and thymol. The experiments with chloramphenicol are of 
particular interest, since of nine fluctuation tests with this drug there were five in 
which the results were negative, results which show either that mutation was not 
responsible for survival in these cases (although it may have been in the other four 
experiments) or that the fluctuation test does not really prove mutation. 

Drs. Newcombe and Szybalski state that the colonies scored in the fluctuation 
test should be composed of resistant cells as shown by retest. I do not think that this 
has been done in many of the experiments reported in the literature. In any case, 
even if the cells are resistant on retest, this does not necessarily prove that they are 
mutants. With proflavine, for example, (which is antagonized by the acids produced 
by growing bacteria) resistance or nonresistance on retest can be obtained by vary
ing the buffering capacity of the agar medium, and it is also doubtful if resistance 
to drugs is ever absolutely permanent (see Dean and Hinshelwood, 1954a). 

In reply to Dr. Szybalski's remarks on fluctuation tests with phenol, I should 
like to point out that, irrespective of what Drs. Berger and Wyss have shown with 
Micrococcus pyogenes, the fact remains that Aerobacter aerogenes did not become 
resistant to phenol in tests lasting for 100 subcultures, and so this system was chosen 
to investigate what variations could be obtained in fluctuation tests in which survival 
is not complicated by the development of resistance. In some experiments positive 
results were obtained, in others negative. 

Dr. Bryson has cited the mathematical distributions of Lea and Coulson and 
of Armitage. I should like to emphasize that these distributions were never intended 
to be applied to polygenetic systems and that the agreement between the theoretical 
and observed distributions is seldom good enough to distinguish between mutations 
and other events. These criticisms and others apply to the experiments of Ryan (see 
Hinshelwood, 1953b; Dean and Hinshelwood, 1954b). The fluctuation test certainly 
did not permit discrimination in our chloramphenicol and phenol experiments. I have 
discussed in my paper various other techniques, which it is claimed provide support 
for the mutation theory. With the possible exception of replica plating * (on which 
there are not many published reports and which gave negative results in our tests 
with proflavine and chloramphenicol) I do not think that they provide unambiguous 

* For biochemical and resistance or sensitivity differences of replica colonies see the concluding 
report below by Sevag and Lam. 
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evidence. The replica plate test has also been criticized (see Abraham, 1953) on 
the grounds that not all the colonies appear at congruent sites. More work is obviously 
necessary before it can be accepted as absolute proof of mutation. 

Dr. Szybalski's alternative explanation for the selective displacement of a faster 
by a slower growing strain might apply with mixtures of different organisms but it 
seems rather improbable with strains that would differ only in proflavine resistance. 
Moreover, it does not (without additional and very special assumptions) explain the 
behavior observed with proflavine, with acetate and with ultraviolet damaged cells 
(see Dean and Hinshelwood, 1954a; also J. Chem Soc. (1951) . 1157). Regarding 
Dr. Szybalski's other points the arguments in favor of the linked enzyme model are 
given in my paper and in the publications cited therein. Also as far as I am aware 
proflavine was not very active in inducing the "petite colonies" phenomenon in yeasts. 

This is an opportunity to make a general remark about the work done in our 
laboratory, a remark to which it is to be hoped due attention will be paid, since 
many incorrect statements on the subject seem to be current. We have never for a 
moment denied the duality of response mechanisms in general, nor the importance of 
mutation and of selection. Even in 1946 Hinshelwood, in his short book, wrote in 
connection with mutation and adaptive responses, "From this point of view the ques
tion would no longer be: what is the mechanism of variation and adaptation, but, 
which of the various mechanisms plays the more important part in any given exam
ple." Again in 1953, Dean and Hinshelwood wrote, "It would seem, therefore, that 
population shifts cannot be the universal explanation, though of course they can 
and indeed must play their part on occasion. For the problem of adaptation it is 
in the first instance sufficient to prove that changes not based on simple selection 
can occur even in a few examples. The question of their frequency relative to that 
of mutations is a subsequent one." The conclusions that we have from time to time 
published have related to the specific organism and the specific drug or nutrient dealt 
with in the paper in question and have not been generalized. What we have chal
lenged was simply the assumption that no case could possibly be adaptive, because 
it would then be "Lamarckian"; and we have asserted that in fact certain cases 
definitely were adaptive. 

S. MUDD:* I wonder if we aren't delaying clarification by not heeding one point 
Dr. Dean makes, namely that we should consider each case. I suspect that acriflavine, 

* Note written retrospectively after the Symposium. In considering the origin of cells resistant to 
drugs, many instances are adduced that seem best interpreted as gene-determined mutations, and a 
smaller number best interpreted as drug-induced changes not determined by altered genes. A 
particularly clear instance of the latter sort is the acridine-induced "petite colonie" variant of 
yeast described by Ephrussi and co-workers. In considering the transformation of drug-susceptible 
to drug-resistant populations the tacit assumption is often made that such transformation must be 
due solely to mutation-selection or to induction, viewed as alternative and mutually exclusive 
possibilities. I feel that such a view is not necessarily valid. 

Suppose, for instance, that acridine should combine specifically with the apoenzyme of certain 
flavoprotein dehydrogenases. Suppose this interaction to occur in self-reproducing cytoplasmic 
granules, and irreversibly to impair or abolish the hydrogen-transferring activity of the dehydro
genases associated with those granules. It is within the probable adaptive respoonsiveness of micro
organisms, if they are capable of surviving at all in such acridine-containing media, to adjust their 
metabolism so as to propagate the impaired dehydrogenase activity. Such adapted cells might produce 
clones far in excess of the number required for the probable emergence of a gene mutation, which 
might fix genetically the adaptation to acridine-containing media. Thus an originally indued cyto
plasmic variation might permit survival in an unfavorable environment and the subsequent emergence 
of a new genotype adapted to that environment. 
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which is a chemical homologue of the coenzyme of flavoproteins, may be a special 
case. Sevag and Gots ( / . Bacteriol (1948) 56, 709) have presented evidence that 
acriflavine may alter the apoenzymes of flavoprotein dehydrogenases in pneumococci. 
Dr. Ephrussi's beautiful analysis of yeasts, together with cytological observations by 
Drs. Philip E. Hartman and C. Liu ( / . Bacteriol (1954) 67, 77 ) , indicate that flavo
protein dehydrogenase activity may be lacking in particulate cytoplasmic organelles 
of acriflavine-treated or irradiated yeasts. Ephrussi has shown also that the capacity 
to elaborate these dehydrogenases may be determined genetically. So we have a case 
of both genetic determiners and environmentally induced deficiencies affecting the 
same enzymes of cytoplasmic organelles. I suspect a similar situation may be found 
in bacteria. I should like to ask Dr. Dean whether the mitochondria of bacteria 
rendered resistant to acriflavine respond differently to redox indicators than do those 
of the parent susceptible strains. 

W . D. MCELROY: Could you give a very brief answer to that, Dr. Dean? 

A. C. R. DEAN: These investigations haven't been carried out. I should like also 
to say that other workers in Denmark have criticized the fluctuation tests as to the 
effect of streptomycin. So the criticism doesn't seem to be confined to our experiments. 

W . D. MCELROY: Dr. Schnitzer? 

R. J . SCHNITZER: I have only a question of definition, which has to do with resist
ance to drugs of variants of bacteria that are not produced by the drugs themselves. 
The R-forms of pneumococci obtained by exposure to specific antisera while still 
sensitive to some agents such as acriflavine or penicillin show an often markedly 
reduced sensitivity to lytic agents suh as sodium taurocholate and to the bacteriostatic 
effect of ethylhydrocupreine (optochin). 

If one does not know the history of the strain one might call such a variant drug-
resistant. I have avoided that. * 

M . G. SEVAG AND G. T. L A M : Biochemical Differences between Replica 
Colonies * 

Several references have been made during this symposium to the replica plating 
technique of J. Lederberg and Ε . M. Lederberg ( / . Bacteriol 63, 399 (1952) with 
the implications that replicate colonies isolated with the use of this method offer 
absolute proof for the selection of spontaneously occurring drug-resistant mutants. 
There is no doubt that the method is one of the best to select mutant colonies. 
However, it does not offer any unequivocal proof that the biochemical properties of 
the paired colonies are the same nor can it be taken as evidence that the parent 
colony grown on drug-free agar plate is de facto drug-resistant. To obtain firsthand 
information on these questions we have experimented with the isolated replica 
colonies. The results are presented in the following tables. 

Analysis of these two tables shows clearly that the paired replica colonies grown 
on drug-free and drug-containing agar plates are different in several respects. In the 
first place, R0 colonies that have never been exposed to antibiotic behave like any 

* The results reported below were not quite ready for presentation during this discussion. Since it 
has an important bearing on the validity of various preceding and subsequent discussions, we feel 
that its inclusion at this point will serve a useful purpose. 
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TABLE 1. Size of Replica Colonies of Micrococcum pyrogenes var. aureus Grown 
on Extract Agar ( Ε A) in the Presence and Absence of Glucose and Streptomycin 

Diameter of Replica Colonies Grown on Extract Agar 

Incuba- 0.25% glucose 
tion No addition 10 μ δ _ 0.25% glucose 10 μg 
time streptomycin/ml streptomycin/ml 

Ro* Rio* Ro Rio Ro Rio Ro Rio 

hrs mm mm 
16 0.63 0.26 
24 1.00 0.34 
39 1.60 0.47 
46 2.00 0.53 
66 2.30 1.00 
71 2.70 1.00 
90 2.80 1.00 

120 2.80 1.00 

mm mm mm 
NCf NC 0.64 
NC NC 0.79 
NC NC 1.40 
NC NC 1.50 
NC 0.053 1.80 
NC 0.079 2.00 
NC 0.092 2.30 
NC 0.34 2.40 

mm mm mm 
0.1 NC NC 
0.13 NC NC 
0.33 NC NC 
0.59 NC NC 
1.00 NC 0.08 
1.00 NC 0.20 
1.30 NC 0.34 
1.50 NC 0.70 

* R0 and R 10 = replicate colonies isolated according to Lederberg's technique. R0 from agar plate 
without streptomycin, and R 10 from agar plate with 10 ßg streptomycin/ml. 

t NC = no colony. 
A small portion of the colonies, R0 and R1 0, on agar plates, was transfered with an inocu

lating needle point into 5 ml of M15 phosphate buffer, pH 7.3. One loopful of the resulting suspen
sion was streaked on agar plates with the composition shown above. Colony diameters were meas
ured with low-power objective, using an ocular micrometer, and the diameter of large colonies 
was measured with a millimeter rule. For comparative purposes all diameters have been ex
pressed as millimeters. Colonies were randomly picked, and the results are representative of six 
pairs of replica colonies grown under the four different conditions. (G. T. Lam and M. G. Sevag, 
/. Bacteriol, (1955) . 

sensitive cells. Colony size, rate of growth, sensitivity to the antibiotic under various 
conditions, show no similarity to any replicated colony grown on drug-containing 
agar plates. Rio, and R20o colonies which were isolated in the presence of the correspond
ing concentrations of streptomycin are, unlike the R0 and drug-sensitive cells, incapable 
of synthesizing phenylalanine and aspartic acid for growth purposes from the other 
amino acids in a medium lacking these two amino acids and glucose. In complete 
amino acid medium containing streptomycin with and without glucose they behaved 
like resistant strains but unlike the sensitive strain and the parent Ro colonies. On 
these bases, it is permissible to conclude that the replica plating technique enables 
the selection of certain mutants possessing potentialities for undergoing biochemical 
changes and acquisition of resistance upon contact with an antibiotic. Replica colonies 
before contact with an antibiotic do not appear to be de facto drug-resistant entities. 
These findings show clearly that results obtained with replica plate test do not offer 
any proof in regard to the spontaneous origin of drug-resistant mutants. On the con
trary, the data strongly support the conclusion that resistance was induced by strepto
mycin action in R w and R20o colonies. Their sister R0 colony having had no contact 
with streptomycin was free from resistant cells. 
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TABLE 2 . Differentiation of Sensitive and Resistant Strains of Micrococcus pyrogenes 
var. aureus under Various Growth Conditions. 

Growth of Strains * of M. pyogenes var. aureus 

Sensitive R4ooo,3 Rio,i Ro Rio R200 

Testing medium In concentrations (/ig/ml) of Streptomycin 

Amino 
Acids Glucose 

Strepto
mycin 1 0 2 0 0 0 1 0 & 5 0 1 0 1 0 2 0 0 

Complete 

% 
0 . 5 

0 
0 . 5 

0 

present 
present 

none 
none 

- f 

+ 
+ 

+ 
+ 
+ 
+ 

+ 
+ 
+ + 

+ 
+ 
+ 
+ 

+ 
+ 

Deficient in 
phenylalanine 

and 
aspartic acid 

0 . 5 
0 

0 . 5 
0 

present 
present 

none 
none + 

+ 
+ 
+ 

+ 
+ + + 

* Strains: 
R 4 0 00 3 = 3 transfers in increasing streptomycin concentration in casein hydrolyzate medium 

with a final concentration of 4000 ßg/ml. 
R 10 j = 1 transfer in casein hydrolzate with streptomycin concentration of 10 ßg/ml. 
R0, R1 0, R 2 00 = Replica colonies from plates containing the concentration (ßg/ml) of 

streptomycin indicated by subscript, 
t — = no growth, + = growth. 
t 6 out of 9 selected colonies were positive for growth. 

Replica colonies transferred to extract agar slants, incubated 16 hrs at 37 ° C Cells from slants 
washed 3 times in phosphate buffer M/15 of pH 7.3, resuspended in same buffer, and turbidity 
adjusted to 60 in Klett-Summerson colorimeter (filter 56 ) , 0.1 ml of 1:20 dilution of this suspension 
inoculated into 5.0 ml of test medium (2.5 X 10

5
 cells/ml), and incubated 120 hours for endpoint. 

Results in this table are representative. 




