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I. Introduction 

The progress of chemotherapy in the last twenty years has provided 
an unparalleled chapter in the history of medicine. However, the advance 
has not taken place without periods of discouragement. Notable among 
the problems familiar to early investigators and reappearing perennially 
in new disguises has been the emergence of drug-resistant microorgan
isms. At times it has appeared that the future of chemotherapy was to 
be weighed precariously in a balance between the discovery of new 
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antibiotics and the exploitation by microbial pathogens of their latent 
capacities to develop resistance. A more analytical survey of the facts 
shows that although resistant strains are almost ubiquitous, their occur
rence for the most part falls within limited ranges of resistance that pro
vide but occasional problems to the clinician. Failure of therapy is too 
often blamed on bacterial resistance without supporting evidence. The 
development of bacterial resistance has presented a particularly serious 
impediment to the administration of certain familiar antimicrobial drugs 
widely used in the treatment of tuberculosis and staphylococcal infection. 
The existence in nature of microbial species naturally resistant to drug 
therapy provides an additional obstacle. 

If antibiotics are used continuously over a period of years, treated 
populations of human beings tend to harbor an increasingly high propor
tion of pathogens refractory to chemotherapy (Finland, 1953; Dowling, 
1953; Valentine and Shooter, 1954). Here it is assumed that although 
the patient may have had no previous contact with a specific antimicro
bial drug, no similar statement can safely be made in defining the evolu
tionary experience of the pathogen. 

With a decline in the administration of specific antibiotics the pre
valence of resistant strains may decrease. For example, Romansky, et al. 
(1953) report that a diminishing use of streptomycin for nontuberculous 
infections has resulted in fewer clinical encounters with streptomycin-
resistant Escherichia coli. It has also been noted that resistant strains 
are more prevalent in regions of the world having higher standards of 
medical care (Hopps, et al., 1954). Observation that the incidence of 
resistant strains reflects in a general way the rise and fall in usage of 
antibiotics has served to create an opinion that resistance is induced in 
microorganisms by drug contact. We will consider the validity of this 
argument subsequently. As an introduction, it is necessary only to agree 
that better understanding of the origin of resistant strains may be an 
essential requirement for the elimination of drug resistance. Knowledge 
precedes control, but unfortunately does not insure it. In the brief space 
allotted, reference will be made to the two essential aspects of microbial 
resistance. First we must investigate the origin of resistant cells as single 
individuals. A second, but no less important, subject concerns the estab
lishment of entire resistant populations of microorganisms after resistance 
has characteristically arisen in a relatively limited number of micro
organisms. 

It would be impossible to delve into the intricacies of the resistance 
problem without coming upon an issue that has in the past divided 
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microbiologists into two opposing camps. Does resistance arise as a 
result of an inductive effect of the drug acting on sensitive cells (pheno-
typic adaptation) or does it occur spontaneously, providing the drug an 
opportunity to select out pre-existing resistant individuals (mutation-
selection)? In other words, is drug contact required for resistance to 
develop? To contemporary workers in the field these questions have lost 
most of their original interest. It is now suspected that neither interpre
tation is tenable as an exclusive theory. Which one is correct depends on 
the example. By the selection of favorable experimental material it is 
thus possible to support either point of view, although it appears to us 
that there is a greater weight of critical evidence available for proponents 
of the so-called mutation-selection hypothesis than can be amassed to 
prove that resistance can be phenotypically induced by drug action. The 
present status of the controversy, therefore, is not to decide which hy
pothesis is correct. Rather it is to determine the applicability of mutation-
selection vs. phenotypic adaptation to specific experimental or clinical 
situations in which either process could theoretically occur, simultan
eously or in sequence. Conceptually, the two theories are opposed, but 
operationally they may co-exist. At present the most ardent extremist 
would hardly dare to claim that all resistance comes about by way of 
either method. Yet in fairness we must admit that the rigorous demon
stration of drug-induced resistance is exceptional, notwithstanding the 
ingenious efforts of a minority of microbiologists to prove otherwise. 

I I . Development of resistance 

The ability of all organisms to adjust to environmental variations is 
known as adaptation. If the adjustment comes about by way of genetic 
change or recombination, resulting in organisms with a novel hereditary 
constitution, it is called genetic adaptation and evidently includes the 
mutation-selection interpretation of drug resistance. 

Adjustment may also arise by interaction between the organism and 
its environment, as when cells develop induced enzyme systems in the 
presence of specific substrates, including toxic drugs. The synthesis of 
penicillinase in the presence of penicillin provides an example (Pollock, 
1953). This is phenotypic (or physiological) adaptation. 

Some investigators have drawn a distinction between genetic change 
and adaptation. However, all modifications favoring survival under dele
terious conditions should be considered as adaptive by definition, includ
ing both mutation followed by selection, and induced phenotypic alter-
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ation. A purely formal scheme to describe the origin of adaptive changes 
to drug resistance is presented in Figs. 1, 2 and 3, based in part on 

FIG. la. Resistance dependent upon spontaneous mutation and selection, with 
no phenomic lag. 

FIG. lb. Resistance dependent upon spontaneous mutation and selection, with 
phenomic lag. 

FIG. lc. Resistance dependent upon drug-induced mutation and selection. 
FIG. 2a. Resistance dependent upon heterogeneous phenotypic adaptation and 

selection. 
FIG. 2b. Resistance dependent upon homogeneous phenotypic adaptation. 
FIG. 3. Resistance dependent upon composite changes (spontaneous mutation 

followed by selection of phenotypically adapted mutants). 
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illustrations in the interesting review of drug resistance by Cavalli-Sforza 
and Lederberg (1953). The separate figures represent clones of micro
organisms, that is to say, individuals descended asexually from a single 
cell. Each cell is indicated by one of the small rectangles, and gives rise 
to two daughter cells by division. The result is a family pedigree, with 
the qualification that the illustrations are confined for graphic reasons to 
very small segments of larger microbial populations whose existence 
must be imagined and whose properties are predominantly defined by 
the single cell uppermost in each figure. The genetic constitution of each 
cell is identified by a letter as drug-sensitive (S) , drug-resistant (R) , 
or inducible ( I ) . Phenotypic diiferences may easily be seen by reference 
to the "cytoplasm." Drug-sensitive cells are white, whereas resistant cells 
are black. In Fig. 2a, various intermediate degrees of resistance are 
represented by the extent of cross-hatching. Each figure depicts a theo
retical scheme for the origin of drug resistance. Before analyzing the 
separate schemes it will be noted that they may be placed in different 
categories. Thus, Figs. 1 (a, b, c) and 3 require genetic change, as shown 
by the letter M, before resistance can develop. Also, 1 (a, b) and 3 imply 
that the loss of drug sensitivity does not primarily depend on the toxic 
agent, but occurs independently giving rise a priori to families or clones 
of resistant or potentially resistant cells. The separate interpretations will 
now be considered in sequence. For simplicity, all cells are assumed to 
multiply at the same rate, and sensitive cells are shown as inactivated at 
once by the drug. 

A. PRIMARY GENOTYPIC CHANGE 

Fig. la provides the simplest example of the mutation-selection theory. 
It is assumed that, in a population containing millions of drug-sensitive 
microorganisms, occasional mutants arise at rates determinable by ex
perimental methods. These resistant mutants remain undetected and 
greatly outnumbered unless a toxic agent is added, whereupon the sen
sitive cells are killed and only resistant microorganisms remain. Lack of 
competition now insures rapid growth of resistant individuals, with 
consequent displacement of the original sensitive population. 

Fig. lb differs only by the existence of phenomic lag, resulting in an 
interval of one generation or more between mutation and its phenotypic 
expression. The extent of phenomic lag depends on the specific mutation, 
as shown by differences in the behavior of independent mutants. Several 
interpretations of phenomic lag have been advanced since the phenom-
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enon was first described. One relatively direct explanation maintains that 
genetic changes arising in the nucleus cannot have physiological conse
quences until sufficient cell reproduction has occurred to permit synthesis 
of a new type of cytoplasm or dilution of the old. Phenomic lag has 
been studied most extensively in mutations induced by radiation or 
chemical agents. It deserves more than casual attention for reasons that 
will soon become apparent. 

Fig. lc illustrates drug-induced resistance, arising through action of 
the toxic agent on the hereditary apparatus of the cell. The drug may 
therefore be described as a mutagen. As is characteristic of mutation, the 
genetic change is limited to a relatively few cells. Even induced muta
tions evidently have a limited probability of occurrence. Dr. Newcombe 
has already discussed evidence against the thesis that streptomycin acts 
as a specific mutagenic agent. However, Witkin (1947) and Demerec 
et al. (1951) have shown that many toxic chemical substances have slight 
mutagenic effects on bacteria. A possibility remains that some chemo-
therapeutic agents can increase the frequency of mutations nonspe-
cifically and thereby increase the number of organisms resistant to their 
action. The nitrogen mustards exemplify toxic drugs known to be capable 
of producing mutations in bacteria (Bryson, 1948). As has been observed 
in the lecture of Dr. Newcombe, drug action, restricted to the induction 
of specific resistant mutants, would be contrary to a mass of genetic 
evidence indicating randomness of the mutation process. Resistance ap
pears to be an incidental and fortuitous by-product of genetic variability. 
Purely by coincidence, one of the new physiological systems arising by 
mutation may afford protection against action of the drug. Similarly, 
other mutations would afford protection from the toxic influence of anti
biotics as yet undiscovered. 

The prevalence of phenomic lag may provide a special difficulty in 
accepting drug-induced mutation as a factor in the origin of microbial 
resistance, assuming that the drug action is very rapid. If several genera
tions intervene between an induced mutation and its phenotypic expres
sion, how is the mutated cell to be protected in the interim from destruc
tion by a rapidly acting drug? Under rigorous selective conditions muta
tion would have to be expressed immediately as in Fig. lc, rather than 
after the more typical delay shown by lb. However, most drugs as used 
therapeutically do not act at once, but permit a period of several cell 
generations to intervene before growth is terminated. Here, the influence 
of phenomic lag would not prevent the development of resistance. 
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B. PRIMARY PHENOTYPIC CHANGE 
Fig. 2a bears a superficial resemblance to the previous example but 

incorporates a notable difference. No mutation is now required, all cells 
being genetically competent to become resistant. The toxic agent is 
therefore an inducer rather than a mutagen. If phenotypic adaptation 
occurs in only a few cells, as illustrated, it must be concluded that genetic 
competence is not the equivalent of physiological competence. Since re
sistance develops sporadically after addition of the drug, we may ask 
for a more precise distinction between drug-induced mutation ( l c ) and 
heterogeneous phenotypic adaptation (2a). A separation becomes par
ticularly difficult if the drug-induced adaptation persists after removal 
of the inducer and thereby fits the broadest definition of mutation as a 
discontinuous hereditary change. Microorganisms that can be investi
gated by genetic mating tests, including some species of bacteria, will 
enable the localization of any nuclear mutations by the classic method 
of recombination analysis and the mapping of linkage relationships in 
putative chromosomes. Also, inducers differ from mutagens in the re
striction of their action to only one type of induced change. With the 
exception of certain chemical complexes of biological origin involved 
in transformation, no strictly specific mutagens are known. 

In Fig. 2a, ability of a cell to give rise to a fully resistant individual 
may depend on a race between physiological adaptation and destruction. 
A remote possibility that the contest will be decided in favor of any 
particular cell could result from phenotypic variables, including differ
ences in rate of adaptation as indicated in the figure. This would account 
for the paucity of successfully adapted cells in a large population ex
posed to a bactericidal drug. 

Fig. 2b differs from the preceding model in that all cells respond to 
the toxic agent by phenotypic adaptation. Bactericidal drugs would not 
permit resistance to emerge by the scheme represented here. The histor
ical view of phenotypic adaptation or drug-induced resistance as pro
pounded for protozoa by disciples of Ehrlich is represented in its 
essential meaning by Figs. 2a and 2b. Later discoveries indicate that 
protozoa are particularly well buffered genetically, as a consequence of 
the complexity of their nuclear apparatus. Therefore, spontaneous muta
tion leading to resistance may play a relatively minor role in the asexual 
reproduction of protozoa, with a correspondingly greater emphasis on 
persistent cytoplasmic changes of the type described by Jollos (1921) 
as Dauermodificationen. In 2b, all cells are genetically competent to 
become resistant and respond to the drug by developing a defense 
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mechanism. In this case it may be asked: Why is the drug defined as a 
toxic agent if all cells survive its action? The answer must be somewhat 
indirect: It is often possible to demonstrate a reduction in the lag period 
of adapted cells in the presence of the drug, provided the decrease in 
lag has a detectable magnitude. Another common feature of phenotypic 
adaptation stressed by Dean and Hinshelwood (1953) is its normal 
development only to an extent adequate to protect the cell against the 
effective concentration of the inducer. We will see that the apparent 
tailoring of evolutionary fitness to equal, but not to exceed, the rigors of 
environment may also arise as a result of polygenic heredity or multiple 
allelic systems. Relatively homogeneous phenotypic adaptation is more 
frequently encountered in studies of induced enzyme synthesis affording 
ability to metabolize various carbon sources. The production of B-galac-
tosidase when evoked by lactose or another suitable inducer is a good 
example (Cohn and Monod, 1953). 

C. COMPOSITE CHANGES 
Fig. 3 illustrates one of many possible composite situations in the 

development of resistance. All sensitive cells (S) are killed by action of 
the drug. However, among these sensitive individuals several inducible 
mutants may be present. These inducible cells may now respond adap-
tively and become resistant following exposure to drug action, by 
mechanisms illustrated in Fig. 2. Returning again to the production of 
penicillinase, this faculty must be under genetic control since it arises 
in only a few of the possible types of mutants resistant to penicillin. The 
comparative rarity of penicillinase producers among mutants isolated 
by penicillin in vitro, and their prevalence in vivo, have created an 
erroneous view that the two environmental systems "induce" different 
types of resistance. In this case, the observed differences are now thought 
to be quantitative rather than qualitative and to depend primarily on 
selection. Exceptionally, penicillin-resistant staphylococci have been iso
lated in vivo (Hopps, et al., 1954) and penicillinase producers in vitro 
(Szybalski, 1953; Roy and Lankford, 1954). In any case, the ability of 
cells to react to their environment in different ways is a function of the 
specific genotype. 

D. INFLUENCE OF THE MEDIUM 
Several investigators have emphasized that the composition of culture 

medium has a significant influence on the degree of bacterial resistance 
to antibiotics (Schwartzmann, 1946; Sevag and Rosanoff, 1952). It is 
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reasonable to assume that if the enzymatic constitution of cells is modi
fied by a change of environment, simultaneous conditional changes in 
drug sensitivity could occur. Haas and Sevag (1953) report that both 
Pseudomonas aeruginosa and Aerobacter aerogenes are highly resistant 
to polymyxin Β in a salt-glucose medium. 

Without reference to the specific details of these experiments, it is 
evident that certain problems of a general nature apply to all studies on 
the influence of the medium. In this discussion we will omit the possi
bilities that either the drug or the medium may be mutagenic, and 
confine attention to the observation that transfer of cells to a new 
environment often changes the amount of drug required for inhibition. 

A simple example is given in Fig. 4. The same amount of drug in 
BACTERIAL 

J- CULTURE ^ 

MEDIUM A + DRUG MEDIUM Β + DRUG 
i i 

NO GROWTH GROWTH 

i 
MEDIUM A + DRUG 

i 
NO GROWTH 

FIG. 4. "Resistance" dependent upon the medium. 
these two media permits cell growth in medum B, but not in medium A. 
Growth in medium Β does not result in any changes that effect the sensi
tivity of cells transferred back into medium A. Several possibilities exist: 

One potential effect of changes in media is to produce "hidden" 
alterations of drug concentration. It is well known that the activity of 
streptomycin is reduced by a lowering of pH, with a corresponding de
crease in molecular dissociation. Similarly, changes in the medium 
resulting from the introduction of chelating agents, drug-inactivating 
substances, and constituents competing with the drug for sensitive sites; 
all may raise the concentration of toxic agent required for inhibition. It 
may also be possible, by alterations of media, to by-pass a drug-
inactivated enzyme system. This is done by providing exogenously a re
quired nutrilite, the synthesis of which was formerly blocked by the 
drug. Alterations in drug sensitivity that depend entirely on such indirect 
and extracellular mechanisms, without any corresponding changes at 
the cell level, do not in our opinion fit properly into the discussion of 
induced microbial resistance. Induced resistance we define as the con-



RESISTANCE IN MICROORGANISMS 29 

version of a sensitive to a resistant cell as a consequence of changes in 
the nucleus, cytoplasm, or cell membrane that arise in response to an 
environmental stimulus. The resulting increase in resistance represents 
another potential effect of making substitutions of medium as represented 
in Fig. 4 and may arise through a substrate-conditioned change in the 
utilization of specific enzymatic pathways, as stressed by Sevag and his 
colleagues. If the induced resistance requires time to develop and is 
persistent, a comparison of conditioned and unconditioned cells may 
reveal differences in drug-sensitivity in an identical culture medium, 
serving as the best proof that a real distinction exists between two strains. 
In contrast, if the media-conditioned change to resistance is gained and 
lost very rapidly, as through the transitory induction of a drug-resistant 
enzyme system, then critical proof that resistance has been induced 
requires experimentation, with the burden of proof on the investigator. 
It should be noted that if the substitution of a new medium results in a 
slow change to resistance at the population level, with selective cell 
death and multiplication, all the problems previously described pertain
ing to the origin and establishment of resistant strains remain to be 
solved for each specific example. 

Another problem sometimes unrecognized in studies of resistant 
strains isolated in different media is the fact that mutations to resistance 
are rarely identical, but have a variety of associated characters. It is 
doubtful if any two streptomycin-resistant mutants are exactly alike, 
and highly probable in our opinion that different classes of mutants are 
selected in different media. Stated somewhat hypothetically, the classes 
of mutants exposed to a drug and surviving in complete medium might 
be represented as Ml9 M2, M3, M 4 . . . Μη, whereas only the rare pro
totrophic classes M 2 and M 4 would survive in minimal medium. To 
show that the resistant microorganisms arising in two different media 
appear at different rates and exhibit different levels of resistance is not 
necessarily a proof that the medium has had an inductive effect on the 
cells. The role of selection is subtle and pervasive, affecting many 
characters beside mere resistance to the toxic agent. Taken together with 
genetic variability, selection cannot be lightly dismissed from studies 
on the influence of media as a modifier of drug action. 

A final complication is introduced by the observation that new 
mutants from auxotrophy to prototrophy may need a period of "priming" 
under relatively favorable environmental conditions before their ultimate 
physiological properties are determined. If a similar situation exists in 
the establishment of drug-resistant variants it is possible that new 
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mutants cannot become established in a drug-containing minimal 
medium that will support the growth of an older clone. Also, resistance 
developed in one medium may not be detectable in another. These specu
lations are advanced only to indicate that more investigation is required. 

I I I . Experimental evidence 

Not all the models are easily distinguished. Ardent environmentalists 
originally favoring resistance dependent upon heterogeneous phenotypic 
adaptation followed by selection (Fig. 2a) have been led by experi
mental evidence to concede the possible role of mutation as shown in 
Figs, lc and 3, but deny the prevalence of schemes la and b. How can 
spontaneous mutations to true drug resistance be differentiated from the 
mutational origin of mere inducible clones? In either case the cells must 
be brought in contact with the drug to prove resistance. Hence the 
phenotype may seem to have a Berkeleyan reality, requiring demonstra
tion to fix the actuality of existence. An admittedly indirect method of 
demonstrating the pre-existence of phenotypes in their final form is by 
search for associated characters. A more direct approach is through 
special methods of sampling. Using replica plating, a culture can be 
obtained of organisms that prove predominantly resistant if later ex
posed to streptomycin (Lederberg and Lederberg, 1952) or isoniazid 
(Szybalski and Bryson, unpublished), although no direct drug contact 
has been used. Since resistance is frequently coupled with a character
istic metabolic alteration that is requisite for survival in media con
taining the drug, the existence of a similar alteration before drug 
exposure should be experimentally demonstrable. Undoubtedly, this 
would be strong presumptive evidence that drug contact is not essential 
to the metabolic basis of drug resistance, and would suggest that clones 
isolated by replica plating are resistant (Fig. la, b) rather than merely 
inducible (Fig. 3) . 

A. CLONAL DISTRIBUTION OF RESISTANT MUTANTS 
A general feature of spontaneous mutation as exemplified by Figs, la, 

lb, and 3 is that clones of mutants appear in the population before the 
drug is applied. Experiments intended to test the mutation-selection 
hypothesis have mainly been designed to demonstrate the existence of 
these clones for the obvious reason that descent from a common ancestor 
requires a variable length of time depending on the number of descen
dants and the period required for reproduction. The time needed to 
produce a clone of inducible or resistant cells, before exposure to 
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selective action of the drug, may be roughly estimated by the number 
of cells in the clone. If drug contact were required as a first cause of 
resistance, no clone of resistant cells could develop until after drug 
action. 

An indirect statistical demonstration of the clonal distribution of 
phage-resistant cells in untreated cultures of Escherichia colt was 
provided by Luria and Delbrück (1943) in the so-called fluctuation test. 
Another test, devised by Newcombe (1949), showed that the phage-
resistant mutants arising spontaneously on nutrient agar, apparently 
produced geographically isolated microcolonies before the toxic agent 
was applied. Individual bacteria in a colony descended from a single 
cell very clearly fit the definition of a clone. Numerous other techniques 
to show the origin of resistance clones in the absence of drugs have been 
devised, the most convincing being the replica plating test of the Leder-
bergs (1952). For a more detailed account of the methods and their 
critical evaluation, reference should be made to the original papers or 
to reviews of Cavalli-Sforza and Lederberg (1953) and Braun (1953). 

Ultimately, these tests succeed in demonstrating the clonal origin of 
resistance, but provide no direct evidence that resistance depends upon 
mutation in the strict genetic sense of an alteration of the nuclear 
determinants of heredity. Complete proof of "point" mutation is limited 
to sexually reproducing organisms, including those few bacteria capable 
of analysis by genetic recombination. 

B. GENETIC ANALYSIS 

The significant place of genetic change in the origin of drug resist
ance at the cell level invites a fuller consideration of all events potentially 
involved. Mutation is only one of the numerous genetic processes that 
can produce a resistant phenotype. A brief list of additional factors 
leading to alterations in genotype and known to pertain to drug resist
ance is now compiled. 

1. Sexual Recombination. The crossing of fungi or bacteria of com
patible mating types will provide opportunities for a recombination of 
gene-controlled resistance properties. Lederberg (1947) found that 
strain K-12 of E. coli could be made resistant to sodium azide, and the 
resistance property segregated upon crossing of resistant and nonresistant 
strains. The factor could thus be located in a linkage group analogous 
to those of higher organisms. Subsequently, specific genetic loci have 
been assigned to other all-or-none properties, including full resistance 
to streptomycin (Newcombe and Nyholm, 1950) and to valine (Manten 
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and Rowley, 1953). In temporarily diploid E. coli, streptomycin resist
ance behaves as a recessive character (Lederberg, 1951). In another 
study (Szybalski and Nelson, 1954), the stepwise increase in resistance 
of E. coli to furadroxyl has been shown to be controlled by a series of 
closely linked genes. Other examples of a more complicated nature in
volve polygenic inheritance. Strains of Escherichia coli with intermediate 
levels of chloramphenicol resistance can be crossed to give rise to forms 
more highly resistant as a result of the cumulative effects of individual 
genetic factors (Cavalli and Maccacaro, 1952). Similar experiments 
have been performed with Oxytetracycline. 

2. Transduction. Zinder and Lederberg (1952) have described the 
transmission of hereditary properties, including streptomycin resistance, 
by lysogenic bacteriophages of Salmonella. In this manner, a drug-
sensitive cell may become resistant by infection with temperate phage 
derived from a resistant cell. Apparently the phage particle can carry 
hereditary materials from one bacterial cell to another. 

3. Transformation. Purified preparations of deoxyribonucleic acid 
obtained from penicillin-resistant pneumococci can be used to transmit 
in a stepwise fashion the property of resistance to a few physiologically 
receptive cells in large penicillin-sensitive cultures (Hotchkiss, 1951). 
High streptomycin resistance can be transformed in a single step 
(Alexander and Leidy, 1953). 

Sexual recombination, transduction, and transformation are probably 
of limited significance in the clinical development of drug resistance. 
The first two processes have been found only exceptionally, despite ex
tensive and for the most part unpublished research. Since transformation 
can be brought about by relatively crude preparations of nucleic acid, 
there is a possibility that spontaneous autolysis of resistant pathogens 
could release active transforming materials. 

4. Cytoplasmic Inheritance. All heritable modifications are genetic 
by definition, but two general categories of inherited change exist. The 
first type originates through mutations in the nucleus, giving rise to 
Mendelian segregation, evidence of linkage or independent assortment 
and other classic genetic behavior. A more or less analogous system in 
microorganisms is well known, although the persistence of a haploid or 
heterokaryotic stage in various species introduces special distinctions. 
Geneticists have unduly favored the study of inherited differences de
pendent on alterations in genes and chromosomes. A second class of 
difference arises by modifications of the cytoplasm (extranuclear, non-
genic or cytoplasmic inheritance). Such cytoplasmic changes may be 
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either temporary, as exemplified by the inductive formation of ß -
galactosidase; or they may be relatively persistent, Dauermodifika
tionen, as first described in Paramecium by Jollos (1921). When sexual 
analysis is lacking, it is very difficult to distinguish decisively between 
nuclear and extranuclear heredity. The known existence of various self-
replicating cytoplasmic particles (e.g. plastids, mitochondria, kappa-
particles and lysogenic phage) provides for an experimental attack on 
problems of cytoplasmic inheritance. Particular interest has been aroused 
by the work of Ephrussi and his colleagues on euflavine-induced cyto
plasmic changes in yeast (Ephrussi and Hottinguer, 1951). This drug 
apparently eliminates mitochondrial elements from the cytoplasm irre
versibly. The altered cells lack many enzymatic functions (Slonimski, 
1953). Similar changes could conceivably lead to drug resistance, 
particularly in protozoa, for reasons already mentioned, and reviewed 
by Beale (1953). The implications of cytoplasmic inheritance in micro
organisms have been extensively discussed by Lederberg (1952). 

C. MUTATION RATES 

It has now been seen that microorganisms may become more drug-
resistant by nuclear or cytoplasmic change, sometimes requiring contact 
with other microorganisms and involving "infection" with biological 
products obtained from resistant cells. The de novo origin of resistance 
is not the same as transmission of established resistance from one micro
organism to another and usually depends on mutation. It is found that 
the determination of rate of resistance (mutation rate) provides one 
essential parameter in estimating the potential dangers from resistance 
in the use of a specific drug. The second necessary parameter emerges 
from a study of the degree of resistance, and will become evident in a 
consideration of patterns of resistance. 

Mutation rates can be determined by several simple mathematical 
formulas (cf. Witkin, 1950). A rate approximating one per billion (1 X 
10"9) characterizes mutation to streptomycin resistance (1000 μg/ml) 
in E. coli (Demerec, 1951) and Mycobacterium ranae (Hsie and Bryson, 
1950). 

Although some doubt has recently been cast on the copy-error 
hypothesis of mutation, the prevailing assumption maintains that during 
the division of a sensitive cell there is one chance in a billion for muta
tion to streptomycin resistance, occurring through some mistake in the 
duplication of the genes. We may expect that streptomycin-resistant 
cells will arise in cultures containing more than a billion organisms, but 
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not on the average in cultures of a million organisms. On the other hand, 
resistance to isoniazid is characterized by a mutation rate in the order 
of one per million (1 χ 10"6) in M. ranae (Szybalski and Bryson, 1952) 
and appears high in pathogenic strains as well. Therefore, on the basis 
of mutation to resistance alone, isoniazid should constitute a greater 
clinical problem than streptomycin. But since mutations do not always 
provide the same degree of resistance or virulence, it is necessary to 
study both pathogenicity and the pattern of resistance in any assessment 
of potential disadvantages in the use of a drug. 

D . PATTERNS OF RESISTANCE 
Measurement of the degree or pattern of resistance against various 

drugs, afforded by mutation or otherwise, can be made through a com
parison of survival curves. The curves are obtained by plotting the 
survival of microorganisms against drug concentration, using numerous 
agar plates into which different concentrations of drug have been in
corporated. 

1. Obligatory One-Step Pattern. The simplest type of resistance 
pattern known in the laboratory may be termed the obligatory one-step 
pattern. It is seen in the resistance of E. coli to phage, azide (Lederberg, 
1947), or valine (Manten and Rowley, 1953); and of Bacillus megaterium 
to isoniazid, sodium p-aminosalicylate, cinnamycin, and erythromycin 
(Szybalski and Bryson, 1953; Szybalski, 1954). This pattern is not 
illustrated, but could be represented by any two curves of Fig. 5a or 5b. 
The size of a one-step increase in resistance is not necessarily large. 

2. Multistep Pattern. The remaining examples are better known 
historically as the penicillin and streptomycin patterns. These can 
logically be derived from the obligatory one-step pattern, assuming that 
different levels of resistance arise either consecutively (Fig. 5a) or 
simultaneously (Fig. 5b). Demerec (1948) was able to show that the 
resistance of staphylococci to penicillin arises by a series of steps. Al
though penicillin-sensitive cells were largely inhibited at concentrations 
of approximately 0.02 μg./ml., a class of resistant cells survived in small 
numbers up to concentrations of 0.15 μg./m\., forming colonies. Sub
cultures from these colonies proved that the majority consisted of a 
more resistant class of staphylococci known as first-step mutants. When 
again exposed to penicillin, the first-step mutants contained a few second-
step mutants producing scattered colonies at the highest tolerable drug 
concentration. Growth of second-step mutants permitted the accumula
tion of a few spontaneous mutations of the third-step type, etc. The 
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Increased concentration of antibiotic 

FIG. 5a. Multistep pattern of resistance. 
FIG. 5b. Facultative one-step pattern of resistance. 

identification of steps with mutations was presumptive, but based on 
sound genetic analogy. Many genetic systems are known in which the 
phenotypic effect becomes greater as the dose of genes is increased. 
Rather than equate experimental and genetic steps together in exact 
ratio, it would be safer to conclude that each process of selection results 
in the isolation of additional resistance factors of unknown number, 
and that the effect of these added factors tends to be cumulative. 

The accumulative development of resistance by successive steps is 
known as the penicillin pattern (Demerec, 1948), or more inclusively as 
the multistep pattern (Hsie and Bryson, 1950). The isolation of suc
cessively higher grades of resistance, as illustrated by the survival curve, 
is shown diagrammatically in Fig. 5. Each step is derived by the plating 
of cells subcultured from the most resistant survivors of the previous test. 
Most antibiotics, including Oxytetracycline, Chlortetracycline and chlor
amphenicol fall in the obligatory multistep class. Discovery of an 
organism that would respond to these antibiotics by a different pattern 
is exceptional. 

3. Facultative One-Step Pattern. A third type of pattern characterizes 
the development of resistance to streptomycin (Demerec, 1948) and 
isoniazid (Szybalski and Bryson, 1952). Hsie and Bryson (1950) have 
called this the facultative multistep pattern, but the emphasis on a one-
step component by most investigators suggests revising the term to 
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"facultative one-step." The meanings are interchangeable. The experi
mental basis for a facultative one-step pattern depends on the existence 
of mutations to streptomycin resistance having a wide range of effective
ness. A test of clones isolated along the downward slope of survival 
curves proves that among the various grades of resistant mutants, in
dividuals of low-grade resistance are much more prevalent. This may 
account for the tendency of cells selected at any particular drug level 
to appear adjusted to their environment but sensitive to higher drug 
levels. The facultative one-step pattern allows full resistance against 
streptomycin to arise either by one mutation or through a series of 
mutations. Therefore it is possible to obtain, from survivors of the 
original exposure to streptomycin, first-step mutants that will provide 
all possible grades of resistance (Fig. 5) . High concentrations of strepto
mycin therefore cannot succeed in eliminating all bacteria, since the 
most resistant of the one-step mutants will survive over a wide range of 
concentrations, forming the plateau illustrated in Fig. 5 and character
istic of the facultative one-step pattern. It should be noted that some 
strains of E. coli can show a sixty fold increase in polymyxin resistance 
in one step (Bryson, unpublished). Drugs eliciting the facultative 
one-step pattern are commonly used in combination with other chem-
otherapeutic substances in the hope that microorganisms resistant to 
one will be killed by the other. In a test of the combined influence of 
^-aminosalicylate and isoniazid on B. megaterium it has been observed 
that this is generally true, although the appearance of doubly resistant 
forms is slightly higher than predicted by genetic theory (Szybalski 
and Bryson, 1953). 

In summary, the degree of resistance available through mutation may 
be fixed at a low level, subject to further increase (multistep pattern), 
or may be highly variable, depending on the specific mutation (faculta
tive one-step pattern). Occasional examples are found of a single 
alternative: sensitive or homogeneously resistant (obligatory one-step 
pattern). An understanding of resistance patterns is a definite aid in 
predicting the probable disadvantages of a new antibiotic. It is evident 
that methods exist to test the genetic origin of resistance, the rate of 
resistance, and the degree of resistance. Even this knowledge is not ade
quate to predict whether use of specific antibiotics will lead to clinical 
success. If resistance is accompanied by associated characters, for ex
ample drug dependence or loss of virulence, the resulting microbial 
phenotype may not be able to sustain itself in the animal body. It is 
widely accepted that laboratory studies of the effects of drugs on 
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microorganisms must be followed by experiments on animals, if signi
ficant estimates of therapeutic value are to emerge. 

IV. Factors contributing to the loss of resistance 

Some physiological properties of bacteria have an ephemeral, 
transitory expression. Dependence upon isoniazid in Mycobacterium 
ranae is very difficult to demonstrate and may disappear between con
secutive tests of the same mutant culture (Bryson et al., 1953). The 
restoration of sensitivity or nondependence is not uncommon if strains 
resistant to certain agents (e.g. proflavine) are subcultured frequently 
in the absence of the drug (Dean and Hinshelwood, 1954). Deadaptation, 
whether gentic or phenotypic, depends on factors that can often be 
analyzed experimentally. Significant among these factors is the oc
currence of so-called reverse mutation. Genetic deadaptation depends on 
evolutionary pressures that are related to the comparative fitness of 
sensitive ' wild-type" strains. Upon finding that a bacterial species is sen
sitive to an antibiotic such as streptomycin, it is logical to assume that 
resistant mutants arising continuously in the parent population do not 
overgrow the culture because they have no positive adaptive advantage 
unless streptomycin is present. Shifts in the relative proportions of 
resistant and sensitive individuals produced by drug exposure may 
prove to be temporary upon removal of the drug, particularly if the 
resistant cells have a severe selective disadvantage under more normal 
conditions. The raw material for selective reversion to sensitivity often 
comes from further mutations occurring in the resistant strain, either at 
the same genetic locus (reverse mutation) or through the action of 
suppressors at random loci. If a resistant strain proves to be very stable 
on subculture in ordinary laboratory media, it may be concluded either 
that the process of reverse mutation does not occur, or more probably 
that resistance imposes no marked selective disadvantage. Streptomycin 
resistance is generally stable; yet Demerec has shown mutation of de
pendent Escherichia coli to sensitivity can take place very readily with 
rates that vary, depending on the individual strain being studied 
(Demerec, 1951). It is furthermore clear that mixtures of streptomycin-
resistant and -sensitive cells result in rapid overgrowth by the drug-
sensitive population (Mitchison, 1953; Hsie and Bryson, 1953). The 
failure of spontaneously occurring sensitive mutants to overgrow resistant 
cultures is probably a consequence of the demonstrable fact that rever
sions, although drug-sensitive, are not really identical with the original 
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wild-type organism (in respect to other criteria) and would be expected 
on a probability basis to be less fit. 

If deadaptation is the result of mutation, populations in the early 
stages of reversion should consist of two types of organisms: resistant 
and sensitive, with a gradual increase in the proportion of the latter. 
Barber (1953) has analyzed cultures of penicillin-resistant staphylococci 
and finds them frequently inhomogeneous. She considered loss of cultural 
resistance to be due to the natural selection of sensitive variants. On the 
other hand, deadaptation could involve a process analogous to pheno
typic adaptation in reverse, particularly if the adaptation were itself non-
genetic, as in Fig. 2. If resistance to proflavine is indeed the consequence 
of phenotypic adaptation, as maintained by Dean and Hinshelwood 
(1953), then removal of the toxic substrate might eliminate the stimulus 
required for maintenance of the altered phenotype. Phenotypic de-
adaptation would resemble the loss of induced enzyme systems after 
the removal of inducing substrates. A possible working hypothesis is 
that the presence of a toxic substance modifies the metabolic activity of 
the cell, by a selection for alternate metabolic systems. After removal of 
the drug, the old pathways of metabolism would be restored and the 
modified cellular material would be diluted out through growth and cell 
division. 

The two basic mechanisms of deadaptation are schematically repre
sented in Figs. 6 and 7. As is true of drug adaptation, the actual loss of 

FIG. 6. Loss of resistance dependent upon mutation to sensitivity and selective 
overgrowth by sensitive mutants. 

FIG. 7. Loss of resistance dependent upon dilution of a cytoplasmic constituent 
in the absence of the drug. 

resistance could involve both mechanisms. 
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No consideration of deadaptation would be complete without refer
ring again to the persistent type of cytoplasmic changes often described 
as Dauermodifikationen. This group includes a large variety of hereditary 
variants, presumably with lingering alterations in the cytoplasm. For a 
complete interpretation, each varient would have to be studied until 
unifying principles were established. In protozoa, the loss of a linger
ing modification often involves autogamy and the formation of new 
macronuclei. 

V . Summary a n d conclusions 

In conclusion, it would appear that drug resistance arises as a result 
of complex processes, with selection playing a role of dominant im
portance following either mutation or phenotypic adaptation. The 
conventional dichotomy of theory (mutation-selection vs. phenotypic 
adaptation) does not adequately convey the importance of selection 
in microbial population changes leading to the establishment of drug 
resistance. Furthermore, all drug resistance is adaptive by definition, 
whether based on genetic or nongenetic modifications. Unless all cells 
respond homogeneously to a toxic drug, thus eliminating selection, drug 
resistance originates more correctly by (1) genetic adaptation (e.g. 
mutation) plus selection, or by (2) phenotypic adaptation plus selec
tion. Genetic adaptation is more frequent, and may occur in the absence 
of drugs; whereas phenotypic adaptation usually results from the action 
of an inducing drug directly on the cells. Both processes could occur 
simultaneously or in sequence, in the origin of resistance. For example, 
phenotypic adaptation would permit cultures to survive and multiply, 
thus increasing the opportunity for mutations leading to genetic adapta
tion. At the same time, the range of phenotypic adaptation is always 
under genetic control. It is unlikely that under strong selective condi
tions, as in the presence of a highly toxic drug, there could fail to be a 
selection of new mutants for two reasons: microbial populations are 
characteristically very heterogeneous from a genetic standpoint, even if 
started from a single cell; and mutations frequently contribute an in
creased or decreased selective value to the mutant organism. As a 
contemporary microbiologist has said: "Selection is highly important in 
microorganisms because they multiply like rabbits and die like flies." 

Studies of the origin of drug resistance are of value in attempts to 
control the emergence of resistant strains (Bryson and Szybalski, 1955). 
Some comparatively new suggestions are forthcoming from current in-
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vestigations. Knowledge that resistance may arise by mutation suggests 
the development of drugs with antimutagenic capacities, rather than 
mere neutral effects on the genotype. Similarly, phenotypic adaptation 
might be diminished by attempts to discover drugs with specific prop-
perties interfering with the induction of resistance. More familiar ap
proaches involve the application of multiple chemotherapy, in attempts 
to eliminate mutants resistant to one drug by means of a second drug 
simultaneously present. Here, an understanding of drug interactions in
volving cross resistance, collateral sensitivity, synergism, antagonism, 
bacteriostasis, and other factors is required. 

Mutations to drug resistance are steps in evolutionary change, pro
gressive or regressive depending on their general adaptive value. There
fore, the challenge of drug resistance may be expected to defy even 
the most sophisticated experimental attack. Simple problems in micro
biology have a way of becoming increasingly complex, and drug resist
ance is hardly a simple problem. We may set roadblocks in the path of 
evolution in the form of chemotherapeutic drugs. The progress of 
microbial evolution may thereby be modified, but it is not likely to be 
permanently arrested. One can only hope that a race between the evolu
tion of resistance and the discovery of new antimicrobial weapons will 
be concluded to the disadvantage of microorganisms and not their hosts. 
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