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GENETICS: BEADLE AND TATUM

In this connection one should note that the factor of selection pressure will
probably also vary where such isolation arises, as well as that of population
size, for the populations will be held in somewhat different environments.

It may be noted in closing that here is a physiological factor acting on
population mechanics that does not depend upon genetic change for
changes in its specificity of action; in this respect it is similar to the homing
reaction in salmon4 and birds," to the conditioned mating preferences of
birds6 and to the reactions of ants toward colony mates.7

1 Thorpe, W. H., Proc. Roy. Soc. (London), 127, 424-433 (1939).
2 Suster, von P. M., Zool. Anzeiger, 102, 222-224 (1933).
' Wright, S., The New Systematics, Oxford, 161-183 (1940).
4 Taft, A. C., and Shapovalov, L., Calif. Fish and Game, 24, 118-125 (1938).
5 Cushing, J. E., Condor, 43, 103-107 (1941).
6 Cushing, J. E., Ibid., 43, 233-236 (1941).
7 Fielde, A. M., Biol. Bull., 5, 320-325 (1903).

GENETIC CONTROL OF BIOCHEMICAL REACTIONS IN
NEUROSPORA *

By G. W. BEADLE AND E. L. TATUM

BIOLOGIcAL DEPARTMENT, STANFORD UNIVERSITY

Communicated October 8, 1941

From the standpoint of physiological genetics the development and
functioning of an organism consist essentially of an integrated system of
chemical reactions controlled in some manner by genes. It is entirely
tenable to suppose that these genes which are themselves a part of the
system, control or regulate specific reactions in the system either by
acting directly as enzymes or by determining the specificities of enzymes.'
Since the components of such a system are likely to be interrelated in
complex ways, and since the synthesis of the parts of individual genes are
presumably dependent on the functioning of other genes, it would appear
that there must exist orders of directness of gene control ranging from
simple one-to-one relations to relations of great complexity. In investi-
gating the r6les of genes, the physiological geneticist usually attempts to
determine the physiological and biochemical bases of already known
hereditary traits. This approach, as made in the study of anthocyanin
pigments in plants,2 the fermentation of sugars by yeasts3 and a number
of other instances,4 has established that many biochemical reactions are
in fact controlled in specific ways by specific genes. Furthermore, investi-
gations of this type tend to support the assumption that gene and enzyme
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specificities are of the same order.5 There are, however, a number of
limitations inherent in this approach. Perhaps the most serious of these
is that the investigator must in general confine himself to a study of non-
lethal heritable characters. Such characters are likely to involve more or
less non-essential so-called "terminal" reactions.5 The selection of these
for genetic study was perhaps responsible for the now rapidly disappearing
belief that genes are concerned only with the control of "superficial"
characters. A second difficulty, not unrelated to the first, is that the
standard approach to the problem implies the use of characters with
visible manifestations. Many such characters involve morphological
variations, and these are likely to be based on systems of biochemical
reactions so complex as to make analysis exceedingly difficult.

Considerations such as those just outlined have led us to investigate

TABLE 1

GROWTH OF PYRIDOXINLESS STRAIN OF N. sitophila ON LIQUID MEDIUM CONTAINING
INORGANIC SALTS,9 1% SUCROSE, AND 0.004 MICROGRAM BIOTIN PER CC. TEMPERATURE

25°C. GROWTH PERIOD, 6 DAYS FROM INOCULATION WITH CONIDIA
miCROGRAMS Bs PBR DRY WRIGHT

25 CC. MBDIM STRAIN MYCELIA, MG.

0 Normal 76.7
0 Pyridoxinless 1.0
0.01 " 4.2
0.03 It 5.7
0.1 " 13.7
0.3 " 25.5
1.0 " 81.1
3.0 " 81.1
10.0 " 65.4
30.0 " 82.4

the general problem of the genetic control of developmental and metabolic
reactions by reversing the ordinary procedure and, instead of attempting
to work out the chemical bases of known genetic characters, to set out to
determine if and how genes control known biochemical reactions. The
ascomycete Neurospora offers many advantages for such an approach and
is well suited to genetic studies.6 Accordingly, our program has been
built around this organism. The procedure is based on the assumption
that x-ray treatment will induce mutations in genes concerned with the
control of known specific chemical reactions. If the organism must be
able to carry out a certain chemical reaction to survive on a given medium,
a mutant unable to do this will obviously be lethal on this medium. Such
a mutant can be maintained and studied, however, if it will grow on a
medium to which has been added the essential product of the genetically
blocked reaction. The experimental procedure based on this reasoning
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can best be illustrated by considering a hypothetical example. Normal
strains of Neurospora crassa are able to use sucrose as a carbon source, and
are therefore able to carry out the specific and enzymatically controlled
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FIGURE 1

Growth of normal (top two curves) and pyridoxinless (remaining curves) strains of
Neurospora sitophila in horizontal tubes. The scale on the ordinate is shifted a fixed
amount for each successive curve in the series. The figures at the right of each
curve indicate concentration of pyridoxine (B6) in micrograms per 25 cc. medium.

reaction involved in the hydrolysis of this sugar. Assuming this reaction
to be genetically controlled, it should be possible to induce a gene to mutate
to a condition such that the organism could no longer carry out sucrose
hydrolysis. A strain carrying this mutant would then be unable to grow
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on a medium containing sucrose as a sole carbon source but should be able
to grow on a medium containing some other normally utilizable carbon
source. In other words, it should be possible to establish and maintain
such a mutant strain on a medium containing glucose and detect its
inability to utilize sucrose by transferring it to a sucrose medium.

Essentially similar procedures can be developed for a great many meta-
bolic processes. For example, ability to synthesize growth factors (vita-
mins), amino acids and other essential substances should be lost through
gene mutation if our assumptions are correct. Theoretically, any such
metabolic deficiency can be "by-passed" if the substance lacking can be
supplied in the medium and can pass cell walls and protoplasmic mem-
branes.

In terms of specific experimental practice, we have devised a procedure
in which x-rayed single-spore cultures are established on a so-called "com-
plete" medium, i.e., one containing as many of the normally synthesized
constituents of the organism as is practicable. Subsequently these are
tested by transferring them to a "minimal" medium, i.e., one requiring the
organism to carry on all the essential syntheses of which it is capable.
In practice the complete medium is made up of agar, inorganic salts, malt
extract, yeast extract and glucose. The minimal medium contains agar
(optional), inorganic salts and biotin, and a disaccharide, fat or more
complex carbon source. Biotin, the one growth factor that wild type
Neurospora strains cannot synthesize,7 is supplied in the form of a com-
mercial concentrate containing 100 micrograms of biotin per cc.8 Any
loss of ability to synthesize an essential substance present in the complete
medium and absent in the minimal medium is indicated by a strain growing
on the first and failing to grow on the second medium. Such strains are
then tested in a systematic manner to determine what substance or sub-
stances they are unable to synthesize. These subsequent tests include
attempts to grow mutant strains on the minimal medium with (1) known
vitamins added, (2) amino acids added or (3) glucose substituted for the
more complex carbon source of the minimal medium.

Single ascospore strains are individually derived from perithecia of N.
crassa and N. sitophila x-rayed prior to meiosis. Among approximately
2000 such strains, three mutants have been found that grow essentially
normally on the complete medium and scarcely at all on the minimal
medium with sucrose as the carbon source. One of these strains (N.
sitophila) proved to be unable to synthesize vitamin Be (pyridoxine). A
second strain (N. sitophila) turned out to be unable to synthesize vitamin
B1 (thiamine). Additional tests show that this strain is able to synthesize
the pyrimidine half of the B1 molecule but not the thiazole half. If
thiazole alone is added to the minimal medium, the strain grows essen-
tially normally. A third strain (N. crassa) has been found to be unable
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to synthesize para-aminobenzoic acid. This mutant strain appears to be
entirely normal when grown on the minimal medium to which p-amino-
benzoic acid has been added. Only in the case of the "pyridoxinless"
strain has an analysis of the inheritance of the induced metabolic defect
been investigated. For this reason detailed accounts of the thiamine-
deficient and p-aminobenzoic acid-deficient strains will be deferred.

Qualitative studies indicate clearly that the pyridoxinless mutant,
grown on a medium containing one microgram or more of synthetic vitamin
BB hydrochloride per 25 cc. of medium, closely approaches in rate and
characteristici of growth normal strains grown on a similar medium with
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FIGURE 2
The relation between growth rate (cm./day) and vitamin Be concentration.

no B6. Lower concentrations of B6 give intermediate growth rates. A
preliminary investigation of the quantitative dependence of growth of
the mutant on vitamin B6 in the medium gave the results summarized in
table 1. Additional experiments have given results essentially similar
but in only approximate quantitative agreement with those of table 1.
It is clear that additional study of the details of culture conditions is
necessary before rate of weight increase of this mutant can be used as an
accurate assay for vitamin B6.

It has been found that the progression of the frontier of mycelia of
Neurospora along a horizontal glass culture tube half filled with an agar
medium provides a convenient method of investigating the quantitative
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effects of growth factors. Tubes of about 13 mm. inside diameter and
about 40 cm. in length are used. Segments of about 5 cm. at the two ends
are turned up at an angle of about 45°. Agar medium is poured in so as
to fill the tube about half full and is allowed to set with the main segment
of the tube in a horizontal position. The turned up ends of the tube are
stoppered with cotton plugs. Inoculations are made at one end of the agar
surface and the position of the advancing front recorded at convenient
intervals. The frontier formed by the advancing mycelia is remarkably
well defined, and there is no difficulty in determining its position to within
a millimeter or less. Progression along such tubes is strictly linear with
time and the rate is independent of tube length (up to 1.5 meters). The
rate is not changed by reducing the inside tube diameter to 9 mm., or by

TABLE 2

RESULTS OF CLASSIFYING SINGLE ASCOSPORE CULTURES FROM THE CROSS OF PYRI-
DOXINLESS AND NORMAL N. sitophila

ASCUS
NUMBBR 1 2 3 4 5 6 7 8

17 pdx pdx pdx N N N
18 N N - pdx pdx
19 pdx - - - N
20 N - PdX

22 N - -

23 * * * N N pdx pdx
24 N N N N pdx pdx pdx pdx

N, normal growth on Be-free medium. pdx, slight growth on Be-free medium. Failure
of ascospore germination indicated by dash.

* Spores 2, 3 and 4 isolated but positions confused. Of these, two germinated and
both proved to be mutants.

sealing one or both ends. It therefore appears that gas diffusion is in
no way limiting in such tubes.
The results of growing the pyridoxinless strain in horizontal tubes in

which the agar medium contained varying amounts of B6 are shown
graphically in figures 1 and 2. Rate of progression is clearly a function of
vitamin B6 concentration in the medium.10 It is likewise evident that
there is no significant difference in rate between the mutant supplied with
B6 and the normal strain growing on a medium without this vitamin.
These results are consistent with the assumption that the primary physio-
logical difference between pyridoxinless and normal strains is the inability
of the former to carry out the synthesis of vitamin B6. There is certainly
more than one step in this synthesis and accordingly the gene differential
involved is presumably concerned with only one specific step in the bio-
synthesis of vitamin Bo.
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In order to ascertain the inheritance of the pyridoxinless character,
crosses between normal and mutant strains were made. The techniques
for hybridization and ascospore isolation have been worked out and de-
scribed by Dodge, and by Lindegren.6 The ascospores from 24 asci of
the cross were isolated and their positions in the asci recorded. For some
unknown reason, most of these failed to germinate. From seven asci,
however, one or more spores germinated. These were grown on a medium
containing glucose, malt-extract and yeast extract, and in this they all
grew normally. The normal and mutant cultures were differentiated by
growing them on a B6 deficient medium. On this medium the mutant
cultures grew very little, while the non-mutant ones grew normally. The
results are summarized in table 2. It is clear from these rather limited
data that this inability to synthesize vitamins B6 is transmitted as it should
be if it were differentiated from normal by a single gene.
The preliminary results summarized above appear to us to indicate that

the approach outlined may offer considerable promise as a method of
learning more about how genes regulate development and function. For
example, it should be possible, by finding a number of mutants unable to
carry out a particular step in a given synthesis, to determine whether only
one gene is ordinarily concerned with the immediate regulation of a given
specific chemical reaction.

It is evident, from the standpoints of biochemistry and physiology, that
the method outlined is of value as a technique for discovering additional
substances of physiological significance. Since the complete medium
used can be made up with yeast extract or with an extract of normal
Neurospora, it is evident that if, through mutation, there is lost the ability
to synthesize an essential substance, a test strain is thereby made available
for use in isolating the substance. It may, of course, be a substance not
previously known to be essential for the growth of any organism. Thus
we may expect to discover new vitamins, and in the same way, it should
be possible to discover additional essential amino acids if such exist. We
have, in fact, found a mutant strain that is able to grow on a medium
containing Difco yeast extract but unable to grow on any of the synthetic
media we have so far tested. Evidently some growth factor present in
yeast and as yet unknown to us is essential for Neurospora.
Summary.-A procedure is outlined by which, using Neurospora, one

can discover and maintain x-ray induced mutant strains which are charac-
terized by their inability to carry out specific biochemical processes.

Following this method, three mutant strains have been established. In
one of these the ability to synthesize vitamin B6 has been wholly or largely
lost. In a second the ability to synthesize the thiazole half of the vitamin
B1 molecule is absent, and in the third para-aminobenzoic acid is not
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synthesized. It is therefore clear that all of these substances are essential
growth factors for Neurospora-11
Growth of the pyridoxinless mutant (a mutant unable to synthesize

vitamin B6) is a function of the B6 content of the medium on which it is
grown. A method is described for measuring the growth by following
linear progression of the mycelia along a horizontal tube half filled with an
agar medium.

Inability to synthesize vitamin B6 is apparently differentiated by a single
gene from the ability of the organism to elaborate this essential growth
substance.

NOTE: Since the manuscript of this paper was sent to press it has been established
that inability to synthesize both thiazole and p-aminobenzoic acid are also inherited as
though differentiated from normal by single genes.

* Work supported in part by a grant from the Rockefeller Foundation. The authors
are indebted to Doctors B. 0. Dodge, C. C. Lindegren and W. S. Malloch for stocks and
for advice on techniques, and to Miss Caryl Parker for technical assistance.

1 The possibility that genes may act through the mediation of enzymes has been
suggested by several authors. See Troland, L. T., Amer. Nat., 51, 321-350 (1917);
Wright, S., Genetics, 12, 530-569 (1927); and Haldane, J. B. S., in Perspectives in Bio-
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6 See Sturtevant, A. H., and Beadle, G. W., An Introduction to Genetics, Saunders,
pp. 1-391 (1931), and Beadle, G. W., and Tatum, E. L., loc. cit., footnote 4.

6 Dodge, B. O., Jour. Agric. Res., 35, 289-305 (1927), and Lindegren, C. C., Bull.
Torrey Bot. Club, 59, 85-102 (1932).

7 In so far as we have carried them, our investigations on the vitamin requirements
of Neurospora corroborate those of Butler, E. T., Robbins, W. J., and Dodge, B. O.,
Science, 94, 262-263 (1941).

8 The biotin concentrate used was obtained from the S. M. A. Corporation, Chagrin
Falls, Ohio.

9 Throughout our work with Neurospora, we have used as a salt mixture the one
designated number 3 by Fries, N., Symbolae Bot. Upsalienses, Vol. 3, No. 2, 1-188 (1938).
This has the following composition: NH4 tartrate, 5 g.; NH4NO3, 1 g.; KH2PO4, 1 g.;
MgSO4-7H20, 0.5 g.; NaCl, 0.1 g.; CaCl2, 0.1 g.; FeCl3, 10 drops 1% solution; H20,
1 1. The tartrate cannot be used as a carbon source by Neurospora.

10It is planned to investigate further the possibility of using the growth of Neurospora
strains in the described tubes as a basis of vitamin assay, but it should be emphasized
that such additional investigation is essential in order to determine the reproducibility
and reliability of the method.

11 The inference that the three vitamins mentioned are essential for the growth of
normal strains is supported by the fact that an extract of the normal strain will serve
as a source of vitamin for each of the mutant strains.
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