






colonies had developed from microcolonies. Furthermore, the proportion of
cultures that became adapted with a particular batch of medium was never
found to vary appreciably with different inocula, indicating that gross variation
between experiments in the percentage of adaptation was not attributable to
differences between inocula. Information suggesting that the variation could be
attributed to differences between media was obtained when it was found that
an increase in the time of autoclaving resulted in an increase in the concentra-

TABLE 2
Frequency distributions of adaptations of cultures of L. arabinosus to tyrosine-deficient media

TEST NO.

1 1 2! 3 4 5 6
DAYS TO ADAPTATION

No. tubes

27 200 25 12 24 60

3 1 1
3.5 3 10
4 5 3 1 2 6
4.5 3 7 1 1 2
5 1 3 1 1
5.5 2
6 1 1
6.5 3
7 2 2 2
7.5 1
8 1
8.5 1 1 1
9 2 3
9.5 111
10 2 2 2
10.5 1
11 1
11.5 2
12
12.5
13
13.5 3
14 1

% adapted........ 48.1 17.5 24.0 33.3 50.0 36.7

tion of normal cells that the deficient medium could support. Since variation in
the number of cells per culture would affect the probability of mutation within
that culture, this may well have contributed to the variation between experi-
ments in the proportion of cultures that became adapted.
The essential spontaneity of the adaptive process was affirmed in the following

experiments. Granting that mutation is the basic factor of adaptation, then, for
a group of cultures, change in the probability of occurrence of a mutation within
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TYROSINE-INDEPENDENT STRAINS OF L. ARABINOSUS

each culture would be reflected as a change in the expected number of cultures
that became adapted. Such a change in probability was experimentally ac-
complished by doubling the amount of medium per tube, thus doubling the
number of normal cells available for mutation at the stationary phase. In keeping
environmental differences between cultures at a minimum, this method was
considered superior to any method that involved increasing the concentration
of normal cells in the cultures.
Two separate tests were performed. In each of these, 18-mm tubes containing

8 ml of medium and 22-mm tubes containing 16 ml of medium were inoculated
by loop from an unwashed culture in yeast extract peptone broth. Each test
included 80 tubes of each size. These were placed in random order in wire racks.
After a 2-week incubation period the number of cultures that had become
adapted was as follows: in the first test, 48 small cultures and 62 large cultures;
in the second test, 28 small cultures and 51 large cultures. The hypothesis of
spontaneity was upheld. Although the number of large tubes that became
adapted was not twice the number of small tubes, this may be explained, apart
from sampling errors, on the basis of the finite number of cultures involved.
Large and small tubes began producing adapted cultures at approximately the
same time. Within a few days the number of large tubes that had become adapted
was more than twice the number of small tubes. However, as the proportion of
adapted cultures increased, the number of cultures remaining available for
adaptation decreased. Since this decrease was greater in the case of large tubes
than in the case of small tubes, relatively fewer large tubes could be expected
to become adapted at later dates.
The frequency distributions of adaptations in these two tests differed from

those of other tests in that adapted cultures first appeared 2 day earlier than in
any previous test. Such shifts in time between tests are suggested in table 2
and are unexplained.
As cultures, the adapted strains have exhibited extreme stability. No reversions

in complete medium have been noted. In one test of stability tyrosine-inde-
pendent cells were cultured in a yeast extract peptone broth for over 5 months,
with transfers being made daily or every 2 days. At the end of this period growth
in tyrosine-deficient medium was immediate and vigorous. In a test of the
selective advantage or disadvantage of adapted strains, a culture containing
both a normal and an adapted strain in yeast extract peptone broth was taken
through 11 serial transfers in a period of 18 days. At the end of this time the
constitution of the mixed culture was approximately three-quarters adapted
cells and one-quarter normal cells. A control, consisting of a culture of normal
cells in complete medium, did not contain a demonstrable number of adapted
cells. Similarly, a control culture of adapted cells in complete medium did not
contain normal cells.
Time of appearance of mutant cells. Investigation of delayed adaptation first

showed that this phenomenon could not be attributed to delayed mutation.
When samples from 24-hour cultures of normal cells in deficient broth were
plated on tyrosine-deficient agar, it was not unusual for a number of tyrosine-
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independent colonies to appear within 36 hours. Yet the cultures from which
such samples were taken frequently failed to become adapted or else did so
only after a lapse of several days. From this fact it was inferred that tyrosine-
independent cells could and did appear in deficient broth within 24 hours of
inoculation but were either permanently or temporarily prevented from repro-
ducing to a concentration high enough to give visible evidence of their presence.

It was considered necessary, however, to establish the fact that such tyrosine-
independent colonies had arisen from mutant cells present in the samples, and
not from mutations occurring in the microcolonies on the agar plates. A method
of substantiating this presented itself when it became apparent that subcultures
were more likely to become adapted than were the original or "parental" cultures
from which the subcultures were taken. This fact suggested that "parental"
cultures contained mutant cells which were unable to maintain reproduction
but which were able to reproduce on transfer to fresh medium. If this were true,
then subcultures would provide information on the presence of adapted cells in
the cultures from which they were taken. More efficiently, simultaneous adapta-
tion of duplicate subcultures would provide positive evidence of the fact.
Tubes of deficient broth were therefore inoculated, and at 24-hour intervals

duplicate loop transfers were made from them to deficient broth. Data were
taken on the time of adaptation of "parental" cultures and the length of time
between inoculation and adaptation of subcultures. The results are given in
table 3. The subcultures from a particular tube formed a series. In the first
eight series the same medium and a common inoculum were used. Series 9 and
10 were made at a later date with a different batch of medium.
Each series falls into one of two categories, the first of which is represented

by series nos. 1, 2, 3, and 10. In these cases subculturing was apparently in-
effective in promoting adaptation. Duplicate tubes acted independently of each
other, the adaptations as a whole following a pattern similar to that of tubes
inoculated directly from cultures of normal cells in complete medium. There
was no indication that the "parental" cultures of these series contained cells
that were other than normal.
The six remaining series fall into a category in which the "parental" culture

influenced adaptation of subcultures. This influence was greatest between 3 and
4 days. Although simultaneous adaptation of duplicate subcultures was to be
expected occasionally as a matter of chance, it is obvious that other factors were
involved in these cases. The phenomenon of simultaneous adaptation of sub-
cultures was taken as an affirmation of the presence of adapted or partially
adapted cells in the "parental" culture at the time of subculturing. It can be
seen that "parental" cultures sometimes contained adapted cells for many days
before giving any direct evidence of the fact by becoming adapted. Furthermore,
adapted cells within cultures were sometimes completely ineffectual in producing
an adapted culture. This was true of the "parental" cultures of series nos. 4 and
5. It was evident that mutant independent cells were inhibited in the cultures of
normal cells in wvhich they occurred, and that these mutant cells might or might
not eventually attain a concentration high enough to result in turbidity and
classification as an adapted culture.
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TYROSINE-INDEPENDENT STRAINS OF L. ARABINOSUS72

Variation among tyrosine-independent cells within cultures. Though preceding
experiments had shown that mutant cells were inhibited in younger cultures,
they provided no explanation of the fact that tyrosine-independent cells could
eventually reach a high concentration. Two possible reasons were considered:
first, that the inhibition was lost in older cultures, allowing the mutant cells to
resume growth, or, second, that the cells that finally produced turbidity were
genetically different from those inhibited in younger cultures.

TABLE 3
Age, in days, at adaptation of cultures of normal cells in tyrosine-deficient medium, and of

their duplicate subcultures

AGE AT AGE AT ADAPTATION OF DUPICATE SUBCULTURES
ADAPTATION

SERIES NO. OF ORIGINAL Age in days of original culture at time of subculturing
CULTURES OF
NORMAL CIELLS

6
2 5 6

. 2 3 4 5 6
* 12 7 - - -

2 10 - 4 - 10 5 -
-7.5 5 16 13 6 .5

3 -9 - 19 13 - 10
- 7 4 10 -

4 -- 3 2 1 5 2.5
4.5 23 2 1 17.5 4

5 -. 9 2 1 1 3 2.5
- 2 1 1 3 2.5

6 3.5 - 1.5 1
14 1.5 1

7 6 16 -2 1.5 2.5
- 14 2 1.5 1.5

8 7.5 - 5 1.5 1 3 1.5
- - ~~~~1.5 1 3.5 1.5

9 6.5 - - 1.5,3.5t 2, 4.5 5
10-_4.5 5.5 1.5, 3 2, 5.5 5,-

10 -- 5.5---

4.5 ----

* Indicates failure of subculture to become adapted within a 4-week period.
t The first number is age at limited increase in turbidity; the second is age at complete

turbidity.

A hypothesis of loss of inhibition could be based on the expected existence of
continuous changes in environment within cultures; the death of normal cells
might well be followed by a dissipation of inhibitory substances. However, such
a hypothesis demanded variation between cultures in their internal environments
at any one time, since the subculturing experiments had clearly shown that
mutant cells resumed growth in some cultures and not in others.

Evidence supporting the second possibility, that of genetic differences between
tyrosine-independent cells within a culture, was provided in the following
manner: when samples from "adapting" cultures were plated on tyrosine-
deficient agar, one of the features of the resulting tyrosine-independent colonies
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was a variation in their size. Many samples produced colonies of two definite
sizes. These were dispersed so independently of each other that there could be
little doubt that they were the expression of true hereditary differences. Indi-
vidual small colonies were quite capable of becoming large colonies. As a result,
a plate that originally contained colonies of only two sizes rapidly approached a
state in which its colonies were of all sizes, from extremely large to small. When
larger colonies were isolated, cultured in deficient medium, and replated, the
resultant colonies were usually of uniform size. When smaller colonies were
similarly isolated and replated, the initial colonies were again of two sizes.

This fact prompted the consideration that the tyrosine-independent cells
isolated from adapted cultures had developed through consecutive mutation.
Thus, a mutation among the normal cells could result in a "partially adapted"
strain that would reproduce to a limited extent only. A subsequent mutation in
this strain might produce a final strain capable of producing high turbidity.
The dependence of final adaptation on such a sequence would account for its
delay, because the second mutation would be unlikely to occur unless, or until,
the "partially adapted" cells had reached a concentration sufficiently high to
make probable a mutation among them. The sequence would also account for
those cases in which the presence of mutant cells did not lead to eventual adapta-
tion, for these would be cases in which the second mutation failed to occur.
The evidence for this hypothesis rested on the observed colony variations in

agar medium, and this variation could have arisen in response to selection
pressures present only within the agar medium. Tests were therefore made to
show whether cells from adapted cultures actually differed from the mutant
cells in younger and unadapted cultures. These tests consisted of determining
whether cells from adapted cultures were inhibited when introduced into 24-
hour cultures of normal cells in deficient broth as were the mutant cells already
present in the medium.

In the first test nine tubes of deficient broth were inoculated with normal
cells and allowed to incubate for 33 hours. An estimate was then made of the
concentration of tyrosine-independent cells in these cultures by plating samples
on deficient agar. Three of these tubes were then reinoculated with a tyrosine-
independent strain that had been isolated previously. At 57 hours all cultures
were again sampled to determine the concentration of mutant cells. Summarized
data are given in table 4. The growth rate of the introduced cells was obviously
much more rapid than that of the mutant cells already present in the cultures,
indicating that the isolated adapted strain was genetically different from that
present in younger cultures. However, since the introduced strain had been
isolated by the use of an agar medium, it was considered possible that some of
its properties were the result of secondary mutations that had occurred and
been selected for either during or after its isolation rather than during the process
of adaptation. The test was therefore repeated, using essentially the same tech-
nique, but with three different tyrosine-independent strains. These were not
isolated strains but subcultures of original adapted cultures, which may well
have contained a mixture of normal and mutant cells. Five daily loop transfers
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TYROSINE-INDEPENDENT STRAINS OF L. ARABINOSUS

in deficient medium preceded their use. The results of this test are presented in
table 5. Once again, introduced cells reproduced more rapidly than mutant cells
already present. Strains A and B produced a high turbidity within a few hours

TABLE 4
Comparative growth rates of native and of introduced tyrosine-independent cells in tyrosine-

deficient cultures of normal cells

CONCENTRATION INCRZASE IN CONCENTRATION NO. GENERATIONS
CULTURE NO. PER ML, BY PLATE CONCENTRATION PER ML, BY PLATE BETWEENCOUNT, OF MlUTANT BY INTRODUCTION COUNT, OF MUTANT 32 AND 56 HR

CELLS AT 32 Em AT 32 BR CELLS AT 56 HRi

1 3 74 6.3 X 107 19
2 0 74 7.2 X 107 20
3 161 74 5.4 X 107 19*
4 0 0 0
5 0 0 0
6 1 - 1,050 10
7 0 0 0
8 5 - 5,840 10
9 0 30

* This estimate ignores those cells already present before introduction.

TABLE 5
Comparative growth rates of native and of introduced tyrosine-independent cells in tyrosine-

deficient cultures of normal cells

CONCENTRATION INCREASE IN CONCENTRATION NO. GENERATIONS
CULTURE NO. PER ML, BY PLATE CONCENTRATION PER ML, BY PLATE BETWEENCOUNT, OF MUTANT BY INTRODUCTION COUNT, OF MEUTANT 25 AND 54 HR

CELLSAT 25 E AT 25HR CLLSAT 54iHR

1 2 58 strain A 1.5 X 108 21
2 61 58 strain A 1.3 X 108 21*
3 1 50 strain B 7.1 X 107 20
4 2 50 strain B 5.0 X 107 20
5 0 61 strain C 1.0 X 107 17
6 3 61 strain C 9.7 X 106 17
7 34 135 2
8 121 1,805 4
9 2 - 0 0
10 0 20
11 23 35 1
12 0 0 0
13 3 - 6,610 11
14 2 - 285 7

* This estimate ignores those cells already present before introduction.

of the final sampling. Strain C, in spite of its rapid reproduction, failed to produce
immediate adaptation, one of its cultures becoming adapted after 8 days and
the other failing to do so entirely.

Growth curves of tyrosine-independent cells. Further information on the pro-
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duction and growth of mutant cells was obtained by determination at various
times of the concentration of tyrosine-independent cells in cultures of normal
cells in deficient medium. Tubes containing 20 ml of deficient broth were in-
oculated with normal cells and incubated in a constant temperature water bath.
The inoculum was tested for the presence of mutant cells, and at 12-hour intervals
following inoculation samples were plated on tyrosine-deficient agar medium.
For early counts 0.1-ml samples were plated directly on each of two plates. For
later counts a single 0.1-ml sample was diluted and used for two plates. The
deficient agar medium for these measurements was prepared as follows: tyrosine-
deficient broth was preinoculated with normal cells and allowed to incubate
for 24 to 36 hours. This procedure was followed by filtration, addition of agar,
and finally by autoclaving. The technique was used in order to reduce the size
of microcolonies and thus keep possible mutation of normal cells within the agar
at a minimum. More important, it was hoped that such a medium would differ-
entiate between possible different types of mutant cells. In one test measurements
were made in duplicate using fresh tyrosine-deficient agar medium as a control.
The two types of agar gave estimates that were apparently identical. Their
counts were therefore averaged. The pretreated agar medium resulted in greater
variability in colony size than did untreated agar, but time did not permit close
inspection of plates at definite intervals so that no pertinent information was
obtained on the proportion of large to small colonies.
The results of two separate tests are presented in figure 1. No tyrosine-inde-

pendent colonies were found when more than a billion cells from each of the
cultures used as inocula were plated onto tyrosine-deficient agar medium. In
one of these tests, estimates of mutant cell production in two cultures were
made. None of the samples from one culture produced adapted colonies. The
other culture produced growth curve no. 1. In the second test, data were taken
on six cultures. All six of these cultures became adapted and produced curves
no. 2 to no. 7.

Five of the curves in figure 1 show the expected phase of inhibition followed
by renewed rapid growth, but two were linear. In the case of the linear curves,
adaptation was apparently the result of the occurrence of one or a few mutant
cells that reproduced at a steady rate until a high concentration was achieved.
If successive mutation did occur in these instances, the second mutation must
have followed the first so closely that the data did not differentiate it.
Although some of the data of figure 1 uphold the successive mutation hy-

pothesis, they do not eliminate another alternative. It is possible that different
mutations to tyrosine independence might occur within a culture, some pos-
sessing greater physiological abilities than others. Thus, the "completely
adapted" cells might have arisen, not from the "partially adapted" cells, but
from normal cells remaining in the medium. In this case the reproduction of less
advantageous mutants would lead to a low stationary phase, whereas that of
more advantageous mutants would produce a higher stationary phase with
visible turbidity. If, in a culture, a more advantageous mutation occurred first,
then the growth curve would resemble those of cultures nos. 1 and 2. If this
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TYROSINE-INDEPENDENT STRAINS OF L. ARABINOSUS

mutation were preceded by a less advantageous mutation, then the combined
growth curve would resemble the other curves of figure 1. However, if the linear
portions of the final growth curves in the figure are extrapolated to the abcissa,
it can be seen that 5 out of 7 of these strains appeared after 36 hours following
inoculation, but the "partially adapted" cells appeared before 36 hours following
inoculation. Such a difference in the time of occurrence of independent mutations
is not expected, and lends credence to the supposition that cells producing high
turbidity arose from among the already "partially adapted" cells and not from
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Figure 1. Production and growth of tyrosine-independent cells in cultures of normal
cells in tyrosine-deficient medium.

normal cells. However, it should be noted that the rate of this second mutation
must have been high. An estimation of the number of "partially adapted" cells
present at the time these mutations occurred shows that 7 such mutants must
have arisen from a total of approximately 400,000 cells.
The inoculation of a medium undoubtedly results in complex changes in its

constitution that might well affect the growth of mutant cells within it. To
obtain information on this a comparison of the rates of growth of tyrosine-
independent cells in their original medium and in fresh medium was made.
Samples were taken from culture no. 1 at 76 hours and transferred directly to
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duplicate tubes of deficient broth. Growth rates of these subcultures were
determined by turbidity measurement using a "lumetron" colorimeter. After an
initial lag phase of 2 hours, growth became approximately linear and was esti-
mated at 79 ± 1 minutes per generation. Estimates of the growth rate of mutant
cells in their original medium was made from data in the linear portion of figure
1, and also from turbidity readings made between 57 and 62 hours and corrected
for the estimated concentration of normal cells present. The former method
gave an estimated generation time of 173 ± 2 minutes; the latter, 176 ± 20
minutes. The mutant cells were quite obviously inhibited in the older medium.
Since growth of tyrosine-independent cells of culture no. 1 commenced at close
to zero hours, it follows that the foregoing type of inhibition was a second reason
for the initial delay in appearance of adapted cultures in the preceding investi-
gations.
The evidence that the final development of tyrosine-independent strains of

L. arabinosus is the result of successive mutation points to the difficulties in-
volved in making a genetic analysis by a comparison of strains. Even if the
hypothesis of step-mutation is incorrect, it would be hazardous to assume that
the differences between an isolated independent strain and the normal strain
from which it arose are the result of a single genetic change. There is no par-
ticular reason to suppose that a single mutation endows an organism with
optimum ability to grow in a selective environment. Furthermore, it might
well be suspected that a mutation toward an amino acid independence would
upset a physiological balance within the cell. In this event any further mutation
that helped to restore that balance would be at a selective advantage. Certainly
the isolation and culturing of an adapted strain provide ample opportunity for
selection of such mutants to be effective.

SUMMARY

Two reasons for a delay in the development of tyrosine-independent strains
of Lactobacillus arabinosus have been found. The first is an early advent and
later relaxation of a strong inhibition of mutant cells in the cultures in which
they arose. Evidence is presented that indicates that the inhibition is overcome
by a further mutation among these cells. The second reason for delay is a general
retardation of the growth rate of tyrosine-independent cells in tyrosine-deficient
cultures of normal cells.
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