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I. Introduction 

The ability to mutate and thus give rise to heritable changes is a 
characteristic of all living cells. Mutation occurs spontaneously, but its 
frequency can be influenced enormously by changes in environment, 
changes that may be imposed externally, as by radiation or chemical 
treatments, or internally, as by the acquisition of mutator genes or per
haps even by accumulations of metabolites. After mutation has taken 
place in a cell, a readjustment in relation to the environment is de
manded, and the process of selection begins. If the readjustment required 
is beyond the overall inherent biochemical capacity of the cell then it 
will die. On the other hand, mutation in a cell may give it a superior 
capacity to survive in an existing environment and it and its descendents 
will be selected in favor of the parental type. Certainly all degrees of 
selection pressures intermediate between these extremes exist. These are 
all well-known facts and, in the present discussion of the relation of drug 
action to genetic factors, the drug constitutes an externally imposed 
environmental change. As such it is to be expected that it may influence 

* Part of this material was presented during a Symposium on Nutrition and Growth 
Factors at the sixth International Congress of Microbiology, Rome, Italy, 1953. 
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mutation rates and/or it may serve as an agent causing selection of 
either mutated or parental cell types. In considering drug action then, 
in less general terms, it is required that we have specific knowledge 
about the nature of the heritable biochemical system on which it acts, 
as well as specific knowledge about what changes mutation causes in 
such a system. The larger part of this discussion is therefore given to an 
examination of this problem. That is, what general principles can be 
derived to describe the effects of mutation on the biochemistry of the 
cell. This problem has been studied most extensively by use of the nutri
tional mutants of microorganisms, and even though this represents a 
selected class of mutants in only a few organisms, it is expected that the 
results are at least qualitatively applicable in many different kinds of 
cells. For numerous reasons, and especially because of the author's 
familiarity with the experimental findings, most of the illustrative ex
amples given here are derived from studies of mutants of the fungus 
Neurospora. 

I I . Some effects of mutation of metabolism 

A. REACTION SERIES 
It is a well-established fact that biosynthesis and degradations occur 

through long series of biochemical reactions, such as that illustrated in 
Figure 1. (Haskins and Mitchell, 1949). Here the degradation of tryp
tophan is also the biosynthesis of niacin and so, as in many other 
examples, each intermediate is as important as every other one, even 
though it may not exist in a cell in a detectable concentration. The 
metabolites we know best are those that are accumulated for one reason 
or another. For example, tryptophan is accumulated as a constituent of 
proteins and niacin as a constituent of the dehydrogenase coenzymes, 
but an intermediate in the reaction series between these compounds, 
hydroxyanthranilic acid, is not ordinarily found in tissues in a measur
able concentration. It is obvious that reaction series such as that repre
sented in Figure 1 represent an oversimplification, since all the reactants 
and products at each step are not shown, nor are they known in most 
cases. Nevertheless these series as written are useful, and it is now quite 
clear that gene mutations often appear to interrupt reaction series at 
specific steps without having other immediately obvious effects. These 
genetic blocks are perhaps quite analogous to the blocks caused by the 
action of specific inhibitors, and, indeed, internally produced inhibitors 
can contribute to the effects of a genetic block (Davis, 1952; Mitchell 
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FIG. 1. A reaction series showing the pathway for biosynthesis and degradation of 
tryptophan in Neurospora. Apparent positions of some known genetic blocks of the 
series are indicated by the crossbars on the arrows. 

and Mitchell, 1950b) and an externally supplied inhibitor can reinforce 
and magnify the effects of a mutation. Some further details will be 
presented in subsequent discussions, but at this point it is instructive 
to consider results obtained in studies of a Neurospora mutant that is 
able to utilize tryptophan but not indol for growth (Fig. 1). Results 
obtained by several investigators (Mitchell and Lein, 1948; Yanofsky, 
1952a, b) have shown that this mutant does not produce detectable 
quantities of the enzyme that couples indol and serine to produce 
tryptophan. Pyridoxal phosphate is required as a cofactor in this system, 
which is easily and consistently obtained from wild type Neurospora 
and from many mutants. There is no evidence that an inhibitor is 
involved, and lack of production of the enzyme by the mutant is indi
cated. Nevertheless, this remains to be proved and further studies have 
provided evidence that inhibition is a significant factor in at least one 
case where the trptophan-producing enzyme is deficient under certain 
conditions (Hogness and Mitchell, 1954). A histidine-requiring mutant 
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that had been shown to contain an excessively high concentration of this 
enzyme was crossed to wild type Neurospora, and two types of histidine-
requiring progeny were obtained. The characteristics of these are shown 
in Figure 2. The deficient types, which do not contain a detectable 

6.0 U 

HOURS OF GROWTH 
FIG. 2. Tryptophan desmolase activity as a function of age of cultures of wild type 

and some histidine mutants of Neurospora. 
—x— Wild type and wild type segregants from a cross of histidine χ wild. 
—o— Parental histidine mutant and some of the histidine progeny from the cross 

of histidine χ wild. 
— · — Some histidine progeny from the cross of histidine χ wild. 

amount of the enzyme activity at intermediate stages of growth, were 
shown to contain an inhibitory substance for the normal enzyme system. 
The inhibitor has not been isolated, nor has it been demonstrated that 
the enzyme is present in the mutant when it is deficient in activity. In 
any case it is a possibility that the enzyme-deficient tryptophan-requiring 
mutant discussed above is similar but more extreme. If inhibition is 
involved, the inhibitor is this case is unstable or not extractable. In these 
examples, as well as many other similar ones (Wagner and Haddox, 
1951; Maas and Davis, 1952; Davis, 1953a) in which mutation has been 
shown to result in enzyme deficiencies, the mechanism is not known, 
but it is clear that in each case at least one reaction rate has been 
altered extensively. This is certainly a very important biochemical effect 
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of mutation, but considering the known interdependence of biochemical 
reactions it is most unlikely that any one reaction rate can be altered 
without also affecting others. 

B. MULTIPLE EFFECTS OF MUTATIONS 
The nutritional mutants of microorganisms that have been utilized 

so extensively and successfully in studies of reaction series have, in 
general, rather specific requirements, but frequently they grow only 
slowly and do not grow as much as the wild type, even in the presence 
of an excess of a required nutrient. Several of the mutants related to the 
various reaction series that are discussed here fall in this category. 
Part of this growth deficiency may be due to inefficiency of utilization 
of externally supplied nutrients, but part of it is certainly attributable 
to internal alteration in patterns of metabolism due to the particular 
mutation involved. One thing that occurs rather frequently is the accu
mulation of intermediates or substances related to intermediates. In the 
tryptophan series already shown (Fig. 1), compounds accumulated by 
different mutants include anthranilic acid (Tatum et al., 1943), kynur-
enic acid (Haskins), acetylkynurenine (Yanofsky and Bonner, 1950), 
hydroxyanthranilic acid (Bonner, 1948), and quinolinic acid (Bonner 
and Yanofsky, 1949). Many other similar examples can be given, such 
as that shown in Figure 3. Here the identification of a series of imidazoles 
produced by a series of histidine mutants provides information on the 
biosynthesis of histidine even though none of the compounds is active 
in supporting growth of the Neurospora mutants (Ames et al., 1953). 
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FIG. 3. On the biosynthesis of histidine in Escherichia coli and Neurospora crassa. 
The compounds shown, including the two phosphate esters, have been isolated and 
identified. 
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Substances accumulated by mutants are not always obviously related 
to metabolites required for growth and their existence in many cases 
suggests that far-reaching changes in metabolism often accompany the 
acquisition of an apparently simple nutritional requirement. One example 
is given in Table 1, where it is shown that a number of mutants 

TABLE 1. Dinitrophenylhydrazones of pyruvic acid and α-ketoisovaleric acid obtained 
from a variety of Neurospora mutants. 

* Values are given in grams per 15 liters of culture medium. 

Mutant 
number 

Substance 
required 

Total 
hydrazones g 

Purified hydrazones 

Pyruvate a-Ketoisovalerate 
4545 Lysine 6.5 0.4 5.2 
37101 Lysine 11.0 5.0 5.0 
C84 Histidine 4.5 3.0 1.1 
C94 Histidine 12.0 5.0 6.0 
29997 Arginine 6.0 0 4.5 
263 Pyrimidine 5.5 4.5 0 
37301 Pyrimidine 4.5 4.3 0 
36601 Pyrimidine 3.0 2.6 0 

* Wild type strains and 15 mutants with various nutritional requirements have been found 
not to accumulate these keto acids in significant quantities under the growth conditions used. 

with different nutritional requirements accumulate pyruvic acid and/or 
α-ketoisovaleric acid (Mitchell and Mitchell). A similar situation has 
been demonstrated for the accumulation of polyphosphate (Houlahan 
and Mitchell, 1948b). Changes such as these are not essentially different 
from alterations in enzyme concentration such as that already described 
for one of the histidine mutants (Fig. 2) and for an acetate mutant 
(Strauss, 1953). These results imply that deep-seated alterations in pat
terns of metabolism are common effects of mutation, but the attention 
of experimentalists is usually focused on the accumulations of com
pounds closely related to the metabolites required and not a great deal 
of data on multiple effects of this kind are available. 

C. INTERNAL INHIBITION AND SELECTION 
Examples have been given to show that mutation alters cellular 

composition. Since it is possible for almost any normal cell constituent 
to act as an inhibitor under some set of conditions, the alterations due 
to mutation provide a new set of potentialities in this regard. Several 
examples are known in which substances accumulated act as inhibitors 
for the mutants that produce them (Fries, 1949; Mitchell and Mitchell, 
1950a; Davis, 1953a). In Ohpiostoma (Fries, 1949) it was observed that 



DRUG ACTION AND BIOCHEMICAL GENETICS 357 

two guanine-requiring strains acquired, spontaneously, second require
ments for hypoxanthine, and an adenine mutant acquired a need for 
biotin. Cultures became pure for the double mutants apparently through 
removal of inhibitors by the results of the second mutations. A similar 
situation was encountered in studies of an adenine mutant of Neurospora 
that accumulates a purple pigment (Mitchell and Mitchell, 1950a). This 
substance is not particularly inhibitory, but it or its precursors have the 
effect of reducing growth rate in the early stages of production of a new 
culture. In several experiments successive transfers of this mutant 
yielded a strain that was no longer purple, but the adenine requirement 
was retained. Genetic analysis demonstrated the acquisition and selec
tion of double adenine mutants in which the second mutations blocked 
the formation of the purple pigment. These results are diagramed in 
Figure 4. A similar situation has been described for Escherichia colt 
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rapidly destroyed 
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< 
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FIG. 4. Reaction series in adenine biosynthesis in Neurospora, showing apparent 
positions of genetic blocks by different strains. A double mutant of purple with any 
strain preceding it does not accumulate the purple pigment. 

(Davis, 1953a), but additional information of interest has been ascer
tained. It was first shown that 5-dehydroshikimic acid, which is accumu
lated by a mutant, is inhibitory to the utilization of shikimic acid by the 
bacteria. As in the previous examples, a nonaccumulating double mutant 
was then selected. However, in addition to this type, an accumulating 
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but noninhibited strain was also obtained, showing that more than one 
kind of internal compensation can arise. 

The importance of inhibitions by normal metabolites, in relation to 
the environment, is further emphasized by the results of experiments by 
Doudney and Wagner (1952) on the selection of mutants of Neurospora, 
not on the basis of nutritional requirements but on the basis of inhibition 
by natural amino acids. Rowley (1953) has described the isolation of a 
large number of mutants of this type in bacteria. One strain of Neuro
spora reported grows normally on minimal medium but very poorly 
in the presence of L-threonine. Approximately normal growth is resumed 
if, in addition to threonine, methionine, homocysteine, homoserine, or 
sulfanilamide is added to the culture medium. Other interesting proper
ties of the mutant (Doudney and Wagner, 1952) will not be considered 
here. It is sufficient to point out that in an environment containing 
threonine this mutant would have been considered to have a nutritional 
requirement for methionine and related compounds, as many mutants 
are known to have. Probably sulfanilamide would not have been tried 
as a growth factor. In any case it is clear that a nutritional need could 
arise secondarily after a mutation that would cause an accumulation of 
threonine through metabolic processes. 

D. PARTIAL GENETIC BLOCKS 
It is convenient, when working with mutants, to choose those that 

show the most extreme changes; with the nutritional mutants, these are 
represented by the ones that have absolute requirements for metabolites. 
Nevertheless, mutants with all degrees of relative requirements are pro
duced, and present evidence indicates that many of the mutants that 
appear to have absolute requirements actually have partial synthetic 
capacities and nutritional needs. This is clearly illustrated by the 
temperature mutants of Neurospora, which have apparent absolute spe
cific requirements in one temperature range but not in another. At 
intermediate temperatures partial requirements are exhibited. As an 
example, a mutant of the mold was shown to be able to grow without 
riboflavin at 25°C, but it would not grow at all at 35°C without the 
vitamin (Mitchell and Houlahan, 1946). The parent wild type strain 
grows well at both temperatures. In spite of the fact that this riboflavin 
mutant shows an apparent absolute need for the compound at 35°C, if 
growth is initiated with a very small amount of the vitamin, growth and 
flavin synthesis will proceed alternately at a slow over-all rate as shown 
in Figure 5, Partial blocks have also been demonstrated in an elegant 
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FIG. 5 . A partial genetic block in the biosynthesis of riboflavin by N. crassa. 

fashion by Bonner (1951) and Partridge et al. (1952), by making use 
of tracer techniques. By such means it was shown that a number of the 
mutants of the tryptophan series already discussed (Fig. 1) show exten
sive dilutions of isotopically labeled growth factors. For example, a 
mutant that will utilize indole or tryptophan (strain 10575) was given 
N 1 5 indole and, after growth, tryptophan and quinolinic acid were iso
lated. These contained 80 and 70%, respectively, of the expected labeling. 
A similar experiment with strain C83, which has been shown to be 
deficient in the enzyme that couple indole and serine (Mitchell and Lein, 
1948; Yanofsky, 1952a, b; Hogness and Mitchell, 1954), showed that 
almost no dilution occurred. This fact emphasizes the conclusion that the 
dilution in 10575 is due to a partial block and not to an alternate syn
thetic pathway. Lack of dilution, as in strain C83, of course does not 
prove a lack of capacity for synthesis but only that the synthesis is 
inefficient relative to rates of metabolism of precursors through other 
pathways. 

These observations concerning the degree of completeness of genetic 
metabolic blocks are significant for the present discussion because they 
give some picture of a source of variability in the action of drugs and 
inhibitors on a system. That is, the degree of sensitivity of cells to a drug 
might well vary if the cells carry partial blocks of different degrees. This 
is a factor superimposed on the effects of the other genetic variables 
that are known. 

E . GENE INTERACTION 
In dealing with nutritional mutants, if one considers only the growth 

requirements and disregards the multiple effects of mutation, then 
double, triple, etc., mutants are expected to have additive nutritional 
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needs. That is, a double mutant prepared from a single with a require
ment for uridine and a single with a requirement for arginine, should 
require both of these substances. Multiple effects of mutation cannot be 
neglected however, and, as will be shown, there is frequently an inter
action between the systems set up by the components of double mutants. 
One example has already been given in connection with the inheritance 
of tryptophan desmolase activity among progeny from a cross of a 
histidine mutant of Neurospora (fig. 2, Hogness and Mitchell, 1954). 
More startling interactions have been observed by an examination of 
the nutritional requirements of a number of double and triple mutants 
of Neurospora (Houlahan and Mitchell, 1947, 1948a; Mitchell and 
Mitchell, 1952b). Some of the results obtained are summarized in Figure 
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FIG. 6. Some reaction series that have been studied in N. crassa, showing the posi
tions usually designated as the sites of action of a number of mutant genes. 

6 and Table 2. As shown in the figure, the mutants involved are those 
having to do with the biosynthesis of arginine, uridine and lysine. The 
one mutant of the fourth series that carries the suppressor gene is not 
a nutritional mutant, and when this gene is present in the wild type its 
effects are not detectable by known means. In other words, this mutation 
does not appear to do anything by itself. The crossbars, with the ab
breviations, of the first three reaction series, such as pro-2 or ly-1, 
represent the apparent positions of action of mutant genes that have 
independent loci on the chromosomes of Neurospora. These various 
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mutant genes have been combined as doubles or triples in many ways 
and the nutritional requirements of some of these are summarized in 
Table 2. Gene combinations are given in the first column, expected re-

TABLE 2. Growth requirements of some double and triple mutants of Neurospora 

Genotype Expected requirements Observed requirements 

1. s pyr-3a Pyrimidine None 
2. s prol-2, s prol-3 Proline, ornithine None 

or s pyr-3a prol-2 citrulline or arginine 

3. or -3 
s orn-1 or s orn-2 

Ornithine, citrulline Citrulline or arginine 
or arginine 

4. sly-1 Aminoadipic acid Lysine 
or lysine 

5. 2 ly-3 pyr-3a Lysine Lysine + pyrimidine 
+ arginine 

6. pyr-3a cit-1 Pyrimidine + citrulline Pyrimidine -f- arginine 
or arginine 

7. pyr-3a orri-3 Pyrimidine + ornithine, Ornithine, citrulline 
citrulline or arginine or arginine (stimulated 

by pyrimidine) 

quirements in the second, and the observed results in the third. The 
unexpected differences are shown in italics. The first five examples 
deal with the action of the suppressor, which appears superficially to do 
nothing by itself. Nevertheless, in its presence nutritional requirements 
for proline, uridine, or both simultaneously disappear (examples 1 and 2 ) . 
In examples 3 and 4, action of the gene s moves the apparent position of 
the ornithine mutants 1 and 2 and that of lysine-1 in their respective 
reaction series, and in example 5 it has the effect of inducing a require
ment (arginine) in addition to what might be expected in any case. 
Examples 6 and 7 show that the action of the suppressor gene is not 
unique, since analogous interactions are obtained with certain com
binations of the mutant genes of strains that have nutritional require
ments. Other examples of this kind are known in Neurospora (Haskins 
and Mitchell, 1952), and such results are no doubt like, in principle, 
many that have been observed in higher plants and animals. It should 
be emphasized that by no means all double and triple mutants show 
such remarkable interactions. A great many act in a predictable way, 
but it seems likely that for every mutant gene there is some potential 
specific combination with another mutant gene that will yield an un-
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expected phenotype. Thus the metabolic effects of a mutation are 
dependent on the nature of an existing genetic background and the 
metabolic pattern of which it is a part. 

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

The examples that have been given here to illustrate various kinds of 
effects of mutation on metabolism have all dealt with changes in nuclear 
genes and, so far as it is practicable to determine by genetic tests, single 
loci are involved. These alterations, even including partial mutations 
and specific interactions, do not represent all the known variables of 
heredity that influence metabolic processes. Chromosomal aberrations 
that alter the relative positions of the genes sometimes result in changes 
in the action of genes (Lewis, 1950). In addition, the chromosomes 
themselves can sometimes be distributed unequally at cell division 
either through abnormal disjunctions or through breakage, and the 
resulting cells, if viable, contain duplications or deficiencies that can 
give rise to complicated dose effects, genie imbalances, and interactions. 
As an example, it has been found that crosses between a number of the 
nutritional mutants of Neurospora yield 0.1% or less of pseudowild type 
progeny (Mitchell et al., 1952). These contain both mutant genes of the 
parental types and present evidence indicates that the pseudowild 
strains result from abnormal chromosome disjunctions, which yield 
strains with eight instead of seven chromosomes, the eighth being like 
one of the normal seven except that it carries one of the mutant genes. 
It is most difficult to evaluate the contribution of such variables as these 
to shifting patterns of metabolism, but they surely have a place in selec
tion processes. 

Another genetic variable that is certainly of consequence is that of 
cytoplasmic inheritance. It is a well known fact that a variety of 
morphological and biochemical phenotypes found in a number of organ
isms are inherited by transmission through the cytoplasm of one or both 
of the parental types. Examples have been known in higher plants for 
nearly 50 years (Correns, 1909; Baur, 1909; Michaelis, 1951); an out
standing case in animals is in Paramecium (Sonneborn, 1950). The 
incidence of this type of inheritance in higher animals appears to be 
low, it is by no means certain that appropriate criteria for its detection 
have been applied. Among microorganisms, yeast has provided a good 
example of cytoplasmic inheritance (Ephrussi and Hottinguer, 1951) 
and more recently it has been found in Neurospora (Mitchell and 
Mitchell, 1952a; Haskins et al, 1953; Tissieres et al, 1953; Mitchell 
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et ah, 1953; Tissieres and Mitchell, 1954). Some characteristics of strains 
studied in the fungus are summarized in Figure 7. As shown, the three 
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FIG. 7. Phenotypic characteristics of some strains of N. crassa that show cyto

plasmic inheritance. 

strains have different growth rates and they also differ with respect to 
their contents of cytochromes, as had already been shown in yeast 
(Ephrussi and Hottinguer, 1951). Genetically the characters do not 
segregate as they would if they followed the Mendelian pattern. Instead, 
all the progeny assume the characteristics of the maternal parent in a 
cross (the parent that provides all or nearly all of the cytoplasm in the 
zygote cell), and this pattern of inheritance is followed in all combina
tions of crosses of the three strains indicated in Figure 7. Biochemically 
these strains are known to differ in a number of ways besides those in
dicated for the cytochromes (Tissieres et ah, 1953; Tissieres and 
Mitchell, 1954). For example, poky (mi-1) contains an excess of ribo
flavin and niacin, it is abnormal with respect to the distribution of 
polysaccharides and ribonucleic acids among organized cell particles, 
and it contains a potent system that degrades cytochromes not observed 
in the wild type strain of the mold. Other differences in enzyme systems 
are indicated, and the results as a whole show that the strains have quite 
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different patterns of metabolism. This is the principle concern of the 
present discussion, and the question of the mechanism of cytoplasmic 
inheritance will not be considered. In its effect, as with Mendelian in
heritance, it provides a hereditary biochemical system that will be 
expected to respond in its own characteristic fashion to environmental 
changes. 

I I I . Hereditary metabolic blocks 
The foregoing experimental examples and discussions have been 

presented to describe various effects that mutations have on metabolic 
processes. This is by no means complete, since the actual mechanism of 
gene action has not been considered, and this must also be part of the 
total pattern of metabolism. It may be a more isolated and less dynamic 
part with nuclear units rather than cytoplasmic units of heredity, but 
this remains an open question. It is well established that: 

1. Mutation frequently appears to interrupt biochemical reaction 
series at specific steps. 

2. So far as is known, a block resulting from mutation can be com
plete or it may be partial to almost any degree. A partial block may not 
be evident by ordinary criteria used for observation. 

3. Mutations can have many effects simultaneously on metabolic 
systems and it is usually difficult to determine which is primary. 

4. The effects of a specific mutation depend on the nature of the 
existing metabolic system and thus on the over-all genetic constitution 
of a cell. 

5. Hereditary changes arising from sources other than chromosomal 
point mutations also give rise to shifts in the relative activities of dif
ferent biochemical systems. 

These observations, taken in conjunction with the fact that cells exist 
by means of a continuous process comprised of an uptake of nutrients 
and energy in some form, a complex interlaced set of internal reactions 
providing synthesis and degradations and some sort of excretory device, 
support the venerable suggestion (see Emerson, 1950, for discussion) 
that hereditary processes may be defined in terms of relative rates of 
biochemical reactions. Any one reaction may be reversible and indeed 
it may be reversed as the result of mutation, but in the over-all picture 
a continuous flow of material through diverging and converging streams 
is a fundamental necessity. Each reaction is, in itself, complex and 
dependent on other reactions, although in connection with genetic blocks 
we frequently use the oversimplified notations such as in the reaction 
series described earlier in this discussion and represented at the top in 
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chain or functional group and does not take into account all the 
reactants and products and other factors that influence the rate of a 
biochemical reaction. This same conversion of compound A to compound 
Β is more adequately described by the brackets around A, Χ, Β, Υ, E, 
and I; the reaction rate is dependent on the concentrations of reactants, 
products, enzyme, and inhibitors. These concentrations, in turn, are 
dependent on rates of synthesis and degradation of each component. 
The symbols E x and E^ rather than just Ε are included to indicate that 
an enzyme may exist in more than one active molecular species or that 
it must be oriented within the cell in some special way. The symbol 
I refers not only to any inhibitor that may come from the environment 
but to any substance produced within the cell that competes with re
actants for the enzyme. The latter kind of inhibition must be common 
with enzymes that catalyze a type reaction, i.e. transaminases, proteases, 
etc. 

The single reaction A -> B, as represented at the bottom in Figure 
8, gives quite a different picture of the nature of a genetic block than 
that given by the oversimplified notation (top, Fig. 8) . On this basis it 
is not difficult to visualize how multiple effects of mutations or complex 
gene interactions can come about, although there is not sufficient ex-

Figure 8. Such a notation focuses attention on some principle carbon 
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perimental data to describe even one system adequately. It is very dif
ficult, however, to determine the site of action of a gene that influences 
the rate A -> B, as indicated by the cross bars on the numerous arrows 
in the figure. Still, regardless of how it comes about, it is expected that 
each genome gives rise to its own characteristic pattern of metabolism. 
This in turn is flexible within the limits of its potentialities, and environ
mental factors, such as drugs and inhibitors, will have characteristic 
effects. Two cells that are genetically different may react to a drug in 
essentially the same way if the effects of mutation and the drug are on 
quite different parts of the metabolic system, but on the other hand 
they may reinforce or compete with each other in the same part of the 
system. At the present time biochemical genetics does not provide 
sufficient information to serve as a basis for predicting how drugs or 
inhibitors will act. It is necessary to know what reactions do occur, their 
relative significance in terms of reaction rates, the site or sites of action 
of the inhibitor, and the potentiality for metabolism and change of the 
inhibitor. 

IV. An example of acquisition of resistance by mutation 
As reported several years ago (Mitchell and Niemann, 1947) fluorine-

substituted aromatic amino acids are potent inhibitors of the fungus 
Neurospora, and the inhibition of growth is relieved in a competitive 
fashion by the corresponding natural amino acids. Among the various 
kinds of experiments that were carried out following the described work 
was that concerned with attempts to select mutants with resistance to 
or even requirements for the fluoro amino acids. In one case (Surber 
et aZ.)wild type Neurospora was incubated in a growth tube containing 
2.5 μ£ per milliliter of m-fluorophenylalanine, and after serveral days 
growth began and continued at a slow but steady rate. After several 
passages through a growth tube the culture was transferred to minimal 
medium without the inhibitor, and the growth rate remained slow. 
Further tests showed that the rate was practically unaffected by con
centrations of the inhibitor as high as 100 ^g per milliliter, whereas 1 
ju,g per milliliter is sufficient to prevent initial growth of wild type 
Neurospora. These experiments demonstrated that an inhibitor-resistant 
strain had been selected. This was crossed to wild type, and a 1:1 ratio 
of slow resistant and fast nonresistant progeny was obtained. This result 
is consistent with the origin of resistance through a single gene change. 
In liquid medium this strain grows very slowly (less than 2% of the 
wild type rate) either in the presence or absence of the inhibitor, but 
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it grows quite satisfactorily in the presence of yeast extract. The active 
component of this mixture was subsequently found to be the amino 
acid amide, asparagine, and the resistant strain can thus be considered 
to be a mutant with a nutritional requirement for this compound. How
ever, it is of particular interest to note that, when grown in the presence 
of asparagine, the mutant is not more resistant to m-fluorophenylalanine 
than is the parental wild type strain. The resistance, and thus the 
selective advantage, is manifested only in the absence of the growth 
factor. These results suggested that under resistance conditions the 
mutant accumulates substances that counteract the inhibitory effects of 
the fluoro amino acids, and this has been found to be the case. Extracts 
of the mutant grown on minimal medium with or without fluoropheny-
lalanine are at least ten times as effective in relieving wild type inhibi
tion as are extracts of wild type or extracts of the mutant grown in the 
presence of asparagin. The active components of these extracts have not 
been identified but chromatographic experiments show a great accumu
lation of many amino acids, with alanine being especially prominent 
and phenylalanine particularly insignificant. There are at least five active 
components in such extracts, the most effective of which corresponds 
chromatographically to alanine. Actually alanine and serine and, to a 
lesser extent, valine, typrosine, and asparagine do relieve inhibition by 
m-fluorophenylalanine. None of these is more than a few per cent as 
effective as phenylalanine itself. It should also be noted that the re
sistant mutant is resistant not only to m-fluorophenylalanine, which was 
used in its selection, but it is also resistant to inhibitions by 2-fluoro-
tyrosine, 3-fluorotyrosine, 3, 5-difluorotyrosine, and 5-fluorotryptophan. 
This observation and the fact that the resistant mutant does not ac
cumulate phenylalanine suggested that the inhibitors themselves are 
metabolized, and this has been found to be the case with m-fluoro
phenylalanine at least. Incubation of this compound with mycelium 
from the mutant or wild type Neurospora causes a rapid disappearance 
of the fluoro amino acid and the production of at least three chromato
graphically separable inhibitory substances. One of these is probably 
fluorophenylpyruvic acid, but none of the products has been identified 
with certainty. If fluorophenylalanine is degraded by the pathways 
known for phenylalanine (Tarver, 1952), as seems to be indicated by 
the available experimental evidence, a considerable variety of fluorine-
substituted potential inhibitors could be produced. 

A good many details of the mechanisms of inhibitions and resistance 
in this example remain to be elucidated, but the general picture is quite 
clear, As illustrated in Figure 9? the presence of the inhibitor in a grow-
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W I L D T Y P E NEUROSPORA 

Selection on 
m-fluorophenylalanine 

SLOW GROWING MUTANT 
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only -
Requires asparagine 

for rapid growth 

RESISTANCE INHIBITION 

Accumulates 
amino acids 

Fluorophenylalanine 
I rapidly destroyed 

At least five | 
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Interaction 'At least three 
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FIG. 9. A summary of the selection process for properties of a Neurospora mutant 
that has a hereditary resistance to fluoro amino acids. 

ing culture of Neurospora provided an environment for selection of a 
resistant mutant. The mutation itself may or may not have been spon
taneous. The resistance then is due to the interaction of accumulated 
substances with the inhibitor and the products of its metabolism that 
are also inhibitors. It is to be emphasized that even though the inhibitor 
was functional in selecting the mutant, the metabolic changes that 
provide the basis for the resistance are inherited and are essentially 
independent of the presence of the inhibitor. This is simply a character
istic of this mutant and it is coincidental that it is resistant. 

These experiments, which illustrate a relationship between inherit
ance and resistance to an inhibitor, give results that are consistent with 
the generalized picture of the effects of mutation on metabolism that was 
presented earlier in this discussion. Mutation results in altered relative 
reaction rates and thus in a shift in the pattern of metabolism and the 
composition of the tissue. A drug or inhibitor may function in selecting 
cells of a new state that occurs as a result of mutation, or it may em
phasize or alleviate an inherited weakness. 
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