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INDUCED MUTATIONS AND POSSIBLE MECHANISMS OF THE
TRANSMISSION OF HEREDITY IN ESCHERICHIA COLI

By M. DEMEREC*
DEPARTMENT OF GENETICS, CARNEGIE INSTITUTION, COLD SPRING HARBOR, N. Y.
Communicated January 10, 1946

One of the most remarkable facts brought to light by genetics is the
fundamental similarity in the most diverse organisms of the basic mecha-
nisms of the transmission of heredity from parents to offspring. The prin-
cipal carriers of heredity appear generally to be discrete corpuscles, genes.
Only in bacteria and in other asexual lower organisms is the nature of the
hereditary transmission still unclear. The most efficient method in use for
the detection of genes—namely, the crossing of different strains and ob-
servation of segregations in the offspring of the hybrids—is not applicable
to asexual forms. The problem must be approached, then, with the aid
of the less direct, yet in the final analysis reliable, method of studying
mutations, particularly those induced by irradiation. As materials for
investigations on the induction of mutations by radiation, bacteria have, '
in fact, certain advantages not found in higher organisms.

Notwithstanding the large amount of work that has been done in radi-
ation genetics, the events that lead to the manifestation of changes in genes
in irradiated cells are not well understood. One important reason for this
situation is that in the materials most studied (Drosophila, maize) the
effects of irradiation cannot be determined until after a considerable num-
ber of cell divisions have gone by following the treatment. Since in bacteria
it is possible to observe induced changes soon after they occur, the work to
be described here was undertaken in the hope that the results might con-
tribute toward a better understanding of the origin of these changes.

It is known from the work of Luria and Delbriick! and of Demerec and
Fano? that in the B strain of Escherichia coli spontaneous mutations to
resistance to the bacteriophage now known as T1 occur with a frequency
of about 1 X 10—% per generation, and that at least two types of such
mutants can be recognized.. The more common type forms large colonies,
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while the other forms tiny colonies. In this study the over-all mutability
of B to resistance to T1 (B/1) was investigated without separating the
two types of mutants.

Materials.—The mutant strain known as B/r (B re51stant to radiations),
which came from the B strain of E. coli, was used in these experiments.
This mutant, found and studied by Mrs. Witkin,® was selected for our
work because it is more resistant than the original B strain to both ultra-
violet and x-ray irradiation. Since it can stand treatment with higher
dosages of both radiations than the B strain, it was hoped that increases in
the mutation rate would be more easily detectable by irradiating B/r.
This strain was used in all experiments mentioned in this paper. For
reasons of convenience, the abbreviated symbol, B, instead of the full
symbol B/r will be used here.

Bacteriophage T1, known also as alpha and as P28, was used to isolate
mutants resistant to that phage. _

Methods.—The standard method used in this laboratory for determining
how many bacteria resistant to a certain phage are present in a population
of sensitive bacteria is, first, to plate on nutrient agar in a Petri dish about
5 X 10® phage particles and, a few minutes later, to plate on the same dish
the bacteria to be tested. When this procedure is followed the phage comes
into contact with the bacteria and lyses all those that are sensitive to the
particular phage used, while the resistant ones survive to form colonies.
By counting these colonies, the number of resistant bacteria among the
total number plated is determined.

In our experiments it proved necessary to detect not only the number
of B/1 mutants (bacteria resistant to T1 phage) that showed up before the
bacteria had had a chance to divide, but also the number that appeared
after the bacteria had passed through a certain number of divisions. It
was not satisfactory to let the bacteria divide in broth and then determine
the number of B/I1 individuals by the standard method, because after
several divisions it would have been impossible to distinguish between B/1
bacteria that had originated as mutations and those that had resulted from
division of B/1 mutants present in the culture as a result of mutations
occurring during one of the earlier divisions.

An effective method was developed, which satisfies the requirements of
our experiments. A known number of bacteria is plated on nutrient agar
medium on Petri dishes. These are incubated for the period of time neces-
sary for the bacteria to pass through the desired number of divisions, and
then the phage is sprayed over the surface of the plates as a fine aerosol.
For this purpose we use a De Vilbiss glass nebulizer number 44. A stock
suspension, containing about 5 X 10° phage particles per milliliter, is
placed in the chamber of the nebulizer and the aerosol is generated by an
air flow of six liters per minute, regulated by a Linde Oxygen Therapy
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Station Flow Meter. Each plate is exposed to the phage aerosol for 1
.minute by holding it close to the mouth of the nebulizer and moving it
around during the exposure so that all regions of the plate are uniformly
covered. Tests have shown that when this procedure is followed a sufficient
number of phage particles adhere to the plate to produce complete lysis of
sensitive bacteria, while resistant bacteria continue to divide and form
colonies. The main advantage of this method is that the positions of the
bacteria in a growing colony are not disturbed by application of the phage,
and that therefore all mutations occurring within a certain period are
represented by single colonies, no matter how many mutant bacteria have
been formed by division of the original mutant individual. During the
development of this method, tests were made of 201 colonies that appeared
on a number of plates after exposure to T1 aerosol. All were found to be
resistant to T1 and sensitive to another phage active on B (T2), indicating
that the exposure to the phage had been sufficient to eliminate all sensitive
bacteria without introducing any contaminant.

When this aerosol method for applying phage is used, it is important to
take precautions against contaminating the laboratory with the phage.
If spraying is done in the open the aerosol spreads rapidly from room to
room and the phage may persist for several days. To prevent this, spray-
ing is done in a box, measuring 25 X 25 X 23 cm., with a glass top, an
opening on one end for the nebulizer, an opening on the other end with a
cloth sleeve through which the arm holding a Petri dish is inserted, and an
opening on one of the two sides with a tube through which air is sucked out
of the box. During the operation, air containing the phage aerosol is
drawn out from the box at a slightly higher rate than it is blown in through
the nebulizer, and is passed through a heated copper coil to destroy the
phage. _ -

For ultraviolet treatment we used a General Electric germicidal lamp,
about 80 per cent of whose output is radiation of wave length 2537 A. In
all the experiments, the material was irradiated at a distance of 92 cm.
from the source, where the intensity was approximately 4.2 ergs per second
per square millimeter. In a majority of the experiments, 0.05 milliliter of
broth containing bacteria was spread over a surface about 8 cm. in diameter
in a flat Petri dish 10 cm. in diameter, so that the walls of the dish would
not shade the bacteria. After exposure, the material was washed out with
a known quantity of broth and used in the experiments.

X-ray treatment was done at the Memorial Hospital in New York City,
under the supervision of Miss E. Focht, through the courtesy of Mr. L. D.
Marinelli. A bacterial suspension in broth was irradiated in small glass
tubes, with unfiltered rays generated at 180 kv. and 25 Ma. at an intensity
of 2050 roentgens per minute.

Experimental Results.—Experiments with ultraviolet: In the first. set of
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experiments, we used a 24-hour-old culture of bacteria, which was con-
centrated by centrifuging so as to contain about 10° bacteria per milliliter.
Samples of this suspension were irradiated in thin layers, then resuspended
in suitable amounts of broth to give comparable concentrations of living
bacteria in all samples.

The numbers of living bacteria in each sample were determined by plating
and colony counts. The original suspension was also tested for number
of B/1 mutants. When exceptionally high numbers of mutants were
present in the original culture, they would mask any increase in mutation
rate produced by the radiation; and therefore experiments in which this
happened were not taken into account.

From each of the irradiated and control samples, twelve portions of 0.1
ml. were plated on different plates. Three plates from each sample were
phage treated immediately, three were treated after 2 hours of incubation,
‘three after 3 hours, and the last three after 4 hours. These plates were
then incubated, and counts of phage-resistant colonies were made after 48
hours.

TABLE 1
SUMMARY OF 7 EXPERIMENTS, SHOWING THE NUMBER OF B/1 MUTANTS AMONG B Bac-
TERIA TREATED WITH VARIOUS DOSAGES OF ULTRAVIOLET AND INCUBATED FOR VARIOUS

LENGTHS OF TIME BEFORE APPLICATION OF PHAGE
INCUBATED NUI(BER OF B/ 1 COLO;IES AFTER IRRADIATION OF

BEFORE PHAGING 4 MU 1 min. CONTROL
0 19 6 4 -0
2 hrs. 118 95 24 - 4
3 hrs. 548 414 226 55
4 hrs. 2081 1234 486 295

No. of bacteria plated 1.12 X 10" 1.23 X 107 8.61 X 10¢ 2.42 X 107

To determine the growth rate of bacteria after irradiation, dilutions from
each sample were also incubated in broth and plated at intervals. From
these platings, the number of bacteria present on the plates at various
times was calculated, on the assumption of similar rates of growth on agar
and in broth.

With minor variations, the procedure outlined above was used in the
seven experiments summarized in table 1. This table shows the total numn-
ber of bacteria plated in each series and the numbers of B/1 colonies found
on Petri dishes where the phage had been added immediately after ir-
radiation or after incubation periods of 2, 3 or 4 hours. It is evident that
in all tests made with treated series the numbers of B/1 colomes were con-
siderably higher than in the control series.

The larger number of B/1 in the series where the phage was applied im-
mediately after irradiation indicates that the ultraviolet treatment was
effective in inducing B/I1 mutants which appeared before the first bacterial
division had been completed.



40

TABLE 2

ANALYSIS OF DATA FROM TABLE 1, GIVING ESTIMATES OF THE MUTATION RATES
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Growth tests made in broth showed
that the initial period of lag in the growth
(lag period) is lengthened in treated
bacteria, an observation which has already
been made by Hollaender and Duggar.4 -
After an incubation period of 2 hours, the
number of bacteria in the control series
increased on the average by a factor of 10,
the number in material treated for one
minute increased 4.4 times, that in ma-
terial treated 2 minutes 2.2 times, and
that in material treated 4 minutes 1.6
times. After the lag period had passed,
both treated and control bacteria multi-
plied regularly, doubling their number
once in about every 20 minutes. No
study was made of the multiplication of
bacteria on agar, but it is unlikely that
there is any considerable difference be-
tween the rates of growth on agar and
in broth during the several early divisions
before the number is large enough to
produce crowding on agar. Indeed, ob-
servations made under the microscope
indicate that the length of the lag phase
on agar is about the same as that in broth.

Thus when the phage was applied to
cultures that had been incubated for 2
hours in the series that received 4-minute
irradiation the bacteria were just passing
through the first division, while in the
other three series they had already passed
through one, two, and more than three
divisions, respectively, by the time the
phage was applied. Table 1 shows that
the number of B/1 mutants, where plates
were incubated for 2 hours before adding
phage, was very much greater than in
the controls. A similar situation obtained
in the case of cultures that were incubated
for 3 and for 4 hours before phage treat-
ment. It is evident that new B/I
mutants continued to appear at a higher
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rate in the treated series than in the controls, even after the bacteria had
passed through several divisions.

From the data given in table 1, and from the calculated number of bac-
teria present at each time, the rate of mutation of B to B/I may be esti-
mated. Such an analysis of .the data is presented in table 2. For the
cultures where phage was applied immediately after treatment, the muta-
tion rate was calculated directly from the number of bacteria plated and
the number of B/1 colonies observed.  In order to calculate the mutation
rate among bacteria that were formed by division of plated individuals
during the 2 hours of incubation, the total number of bacteria present after
that time had to be estimated. This was done by multiplying the number
of plated bacteria by 1.6, 2.2,4.4 and 10 for the 4-, 2- and 1-minute series
and the controls, respectively. As has already been pointed out, these
values represent average increases in the number of bacteria and were
determined by parallel experiments made in broth.

Since the rate of division of irradiated bacteria becomes normal once
they pass the lag phase, and since the lag phase is completed in all series
after 2 hours of incubation, it is assumed that from then on the number
of individuals in each of the series doubles every 20 minutes. For each one-
hour period, then, the number increases by a factor of 8. Consequently,
values for the total number of bacteria present after 3 and 4 hours of in-
cubation were obtained by multiplying by 8 the estimated values at the
end of the previous hour.

It is realized that these estimates are only approximate. However, it is
felt that the approximation is sufficiently close for the purpose at hand.

Examination of table 2 reveals that the calculated rate of mutation of
B to B/1, per number of bacteria, increases in the treated series until the
bacteria have passed through one or two divisions. Thereafter the rate
begins to fall.

In order to determine if or when the rates reach the normal level of about
1 X 1073, a set of six experiments was performed in which bacteria were
irradiated for 4 minutes and phage applied either immediately after the
treatment or after incubation of 4, 5 or 6 hours. A summary of these ex-
periments is presented in table 3, in the same form as the data shown in
table 2. To obtain the estimate of the total number of bacteria present
after 4 hours of incubation, the number of plated bacteria was multiplied
by 102.4, which is equal to the 1.6 X 8 X 8 used in table 2. Values for 5
and 6 hours were obtained by multiplying by 8 for each 1-hour period.
It is evident from table 3 that the mutation rate continued to decrease with
subsequent bacterial division and that at 6 hours, when the bacteria had
passed through approximately 13 divisions, it had reached normal level.

Experiments with x-rays: A 48-hour culture of bacteria in broth was
used as the source of material. About 1.3 cc. of bacterial suspension was
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placed in each of three small glass tubes, which were then irradiated with
10,000, 20,000 and 50,000 roentgens, respectively. After irradiation, 15
platings of 0.05 cc. of the bacterial suspension were made on Petri dishes
from each of the three tubes. Three Petri dishes from each set were ex-
posed to phage aerosol immediately after plating, and others were exposed
in groups of three after incubation of 1, 2, 3 and 4 hours. A summary of
two experiments is given in table 4. The data are arranged as in table 2.

Tests made in broth indicated that the lag period of the bacteria was not
materially affected by x-ray treatment. Under the conditions of these ex-
periments, the number of bacteria doubled after 1 hour in broth at 37°C.

It is evident from table 4 that, as in the ultraviolet experiments, only a
fraction of the induced mutants showed up immediately after treatment,
while the appearance of a large proportion of them was delayed until after
the treated bacteria had passed through several divisions. Comparisons
of the data of tables 2 and 4 indicate obvious differences between the ultra-
violet and the x-ray results. These are now being investigated further,
and an analysis of this work will be presented in another paper.

TABLE 3

SUMMARY OF 2 EXPERIMENTS, WITH ESTIMATES OF THE RATES OF MUTATION OF B TO
B/1 AFTER ULTRAVIOLET TREATMENT OF 4 MINUTES FOLLOWED BY INCUBATION FOR
VARIOUS LENTHS OF TIME BEFORE APPLICATION PHAGE

INCUBATED 'NUMBER OF RATE

BBFORE PHAGING BACTERIA B/1 X 108

0 2.25 X 108 7 311.1
4 hrs. 2.3 X 108 234 ..

Increment 0-4 hrs. ..., 227 101.7
5 hrs. 18.4 X 108 297 ..

Increment 4-5 hrs. 16.1 X 108 63 3.9
6 hrs. 147.2 X 108 543 ...

Increment 5-6 hrs. 128.8 X 108 246 1.9

Discussion.—Changes induced by irradiations cannot be distinguished
from those which occur spontaneously and which have already been ex-
tensively studied.! 2 In the course of these irradiation experiments several
hundred B/ strains were grown in broth and tested for resistance to T1
and T2. They were found to be resistant to the first-mentioned phage and
sensitive to the second, just as were the spontaneously originating strains
described in previous experiments. Similar morphological types are found

- among both spontaneous and radiation-induced mutants—namely, a type
that forms normal, large colonies and one that forms tiny colonies.

The simplest interpretation of the changes from B to B/1 is that they are
mutations comparable to gene mutations in higher organisms. -However,
since our knowledge of the mechanisms governing the transmission of
heredity from parents to offspring in bacteria is still inadequate, other
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one involving many genes of the same kind, as first suggested, nor a
surface phenomenon which would require several cell divisions before be-
ing manifested.

Two points should be particularly emphasized in discussing the data
presented in this paper: (1) that some of the induced mutants are pheno-
typically effective by the time the first bacterial division occurs, and (2)
that new mutants continue to appear during several bacterial generations.

It is known from the work of Delbriick® that one sensitive bacterium may
adsorb as many as 250 phages, while resistant bacteria do not adsorb any.
Presumably an adsorbed phage enters a bacterium and multiplies therein
until finally the bacterium is lysed—it bursts and liberates phage particles
Therefore, there are two critical steps in the life of a bacterium which deter-
mine whether or not it will be lysed by phage if this is present. These steps
are the adsorption of phage by the surface and the multiplication of phage
within a bacterium. It is evident that if either of these two processes is
prevented from occurring a bacterium will become resistant to phage, and
that if a mutation in a bacterium is capable of making it resistant it must
be capable of blocking one of these two processes. If the adsorption of
phage were immediately blocked by a mutated gene, this would mean that
such a gene exerted an immediate influence on the organism and affected
the forces active in adsorption. On the other hand, if a mutation prevented
the multiplication of phage, this might mean that the mutated gene became
active during the bacterial division, since, as a rule, the multiplication of '
phage is intimately connected with the division of bacteria.

Experiments were designed in such a way as to leave very little doubt
that B/1 mutants that appeared after bacteria had passed through several
divisions were due either to mutations that originated after irradiation or
mutations that were induced at the time of irradiation but failed to manifest
their effect until the organism had passed through several cell divisions.

The simplest way to explain the appearance of mutants immediately
after treatment as well as after several bacterial divisions would be to
assume that these bacteria are diploid, and that the immediate mutants
are a result of coincidental changes of both alleles by two independent hits,
while the delayed mutants appear as a result of segregation of hetero-
zygotes. Two objections make this hypothesis improbable. One of them
is the large number of immediate mutants found in the ultraviolet and,
particularly, the x-ray experiments. The observed numbers of these mu-
tants differed from the calculated values by a factor of about 10 in the
ultraviolet experiments and by a factor of about 1000 in the x-ray experi-
ments. These discrepancies could be accounted for by assuming that some
of the homozygous mutants could be induced by a single hit—particularly
in the case of x-rays. Such an assumption would not be unreasonable, since
Lea and Catcheside® have estimated that the field of action of one x-ray
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ionization is about 0.1 micron, so that any two alleles that happened to
be located that close to each other would have a chance of being affected
together.

The other, and more serious, objection against this hypothesis is the
distribution of mutants. A few of them appear immediately after treat-
ment, but the larger proportion do not express themselves until after
several cell divisions have taken place. If delayed mutants were due either
to a simple segregation of a heterozygote or to aberrant divisions of asexual
cells resulting in segregations, it would be expected that the largest propor-
tion of delayed mutants would appear during the second bacterial genera-
tion, and that the frequency would rapidly diminish thereafter.

Another possible explanation of the observed delay in the appearance of
mutants assumes that the bacterial population used in experiments was
not homogeneous—that is, that some bacteria were haploid, others diploid,
and still others polyploid. By assuming certain proportions of the various
types, a mixture could be postulated which would give the observed re-
sults. In all the experiments reported so far, resting bacteria were used;
these were obtained by growing bacteria in broth, at 37°C., for either 24
or 48 hours. It is known that growing bacteria are physiologically very
different from resting bacteria. Since the proportions of haploid, diploid
and polyploid individuals—if these did occur at all—might be expected to
be different in different physiological conditions, we compared data ob-
tained from ultraviolet irradiation of resting and actively growing bacteria.
The results were not significantly different.

Another possible hypothesis assumes that all mutations occur during
irradiation but that some are delayed in their manifestation until the
supply of the substrate manufactured by the gene and necessary for the
production of material that makes the bacteria sensitive to the phage is
exhausted. It might then be expected that changes in the environment
might affect the rate of utilization of the substrate.

Still another hypothesis may be considered to explain the results ob-
tained. It may be assumed that two types of change are induced by ir-
radiation—one type producing gene changes, and the other inducing some
change in the cell, either of the chromosomes or of the cytoplasm, which in-
creases the mutability of the gene system. The latter type of change would
decrease in effectiveness with each cell division, and after a number of
divisions lose its potency. According to this hypothesis, the calculated
mutation rate per number of bacteria would be highest after the early
divisions, a situation observed in our experiments (table 2).

In irradiation work with Drosophila a similar delayed effect is observed
after treatment of sperm. In that case mosaics, or “fractional” mutants,
are obtained. Muller’ and several other workers have interpreted this
observation by assuming that the chromosomes in some of the sperms are
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already split, and that in such cases the irradiation produces a change in
only one of the two strands. Neuhaus,® however, after studying the dis-
tribution of the size of mosaic regions, reached the conclusion that these
mosaics are due to new mutations occurring as a result of a delayed effect
of the irradiation.

In the experiments described in this paper various doses of ultraviolet
radiation and x-rays were used. The data indicate an increase in the effect
with increase of the dosage. Specially designed experiments are now under
way, however, to determine the relationship between the dosage and the
number of induced mutants; this problem will be discussed elsewhere.
An effort is being made also to devise experiments which will differentiate
between the various possibilities for interpretation of the results of experi-
ments discussed here.

Summary—The rate of mutation from sensitivity to resistance to
bacteriophage T1 in the B strain of E. coli was measured after treatment
with ultraviolet radiation (2537 A) and with x-rays.

Both radiations produced a substantial increase in the mutation rate,
which increase became greater with higher doses of radiation.

Some of the induced mutations manifest themselves by the time the
treated bacteria begin to multiply, while the majority of them express
themselves after the bacteria have passed through several divisions.

Several possibilities for interpretation of results are discussed.
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