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During the course of our studies on the rate of growth of Pastelurella
pestis, we have made observations which throw some light on the nature
of the lag phase of its growth, and may prove of interest to workers in
the field of microbial growth. These studies suggest that the composition
of the culture medium plays a primary role in the production of the lag phase.

This phase, usually defined as the initial period of slow or even no
growth, has been variously explained by different authors. Buchanan &
Fulmer 1 quote Penfold as having enumerated nine different theories,
which the author himself discarded as inadequate. We will not go into
them here. For our purpose it is more fruitful to consider the factors to
which the lag phase is attributed. Wilson & Miles 6 list the following
(1) the age of the culture from which the inoculum is taken; (2) the size
of the inoculum; (3) the composition of the medium; (4) the temperature
of incubation; and (5) the frequency of transplantation of the parent culture.
They say that, generally speaking, the lag phase tends to be long when a
small inoculum is used, when the inoculum is taken from an old culture,
when the medium is unsuitable, and when the culture is incubated at a
temperature unfavourable to maximal growth. They quote Muller2 in
stressing that the most striking factor of all, however, is the stage of growth
of the parent culture from which the inoculum is taken. Organisms from
a culture in the lag, the stationary, or the decline phase fail to multiply
for some time when introduced into a fresh medium, whereas organisms
from a culture in the logarithmic phase show no lag, but continue to
multiply at the same rate as in the parent culture. Wilson & Miles also
bring out a new concept that the lag phase is not a phase of rest, but a
phase of intense growth activity during which cell enlargement, but little
or no cell-division, occurs.

The experimental data given in this paper seem to show-at least in the
case of P. pestis-that, apart from temperature of incubation and frequency

* This work was done while Dr. Sokhey was at the Haffkine Institute, Bombay.
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of transplantation, all the other factors are really one factor in spite of
their apparent diversity. The lag phase is, in fact, conditioned by the
composition of the medium. The ideal medium would be a solution of
the actual constituents of the bacterium itself; laboratory culture media
do not have exactly the same constituents as the bacterium in question.
This difference implies the lack of some essential materials which prevents
the organisms from growing until some of the cells of the inoculum undergo
lysis, thereby adding some essential material to the medium and permitting
of the multiplication of the rest of the cells. The effect of a larger inoculum
in shortening the lag phase can be reconciled with the constitution of the
medium. Either the larger inoculum brings a greater quantity of ready-
lysed material to the fresh culture medium, or the larger number of cells
permits of a given amount of cell material being added by lysis in a shorter
time to the fresh culture medium. The stage of growth of the parent
culture from which the inoculum is taken seems to be susceptible of similar
explanation. In the lag phase there is little or no lysed bacterial material
yet, and in the stationary phase, following the logarithmic phase of growth
during which there is a great preponderance of growth over lysis, the
medium is exhausted of the lysed cell constituents. An inoculum from these
phases would be expected to produce a lag phase of some duration, but
not necessarily of the same duration as the generation period of the organism
in the parent culture. At least our work on the plague organisms shows
this to be the case.

Experimental Results

The growth experiments described in this paper were made in test-tubes
with an internal diameter of 1.7 cm. For each determination, the culture
medium plus the inoculum amounted to 10-ml quantities in each test-tube.
The tubes were kept in a vertical position during the period of incubation.
Keeping the internal diameter of the test-tubes constant and maintaining
them in a vertical position is important, since it was found, as reported in
an earlier paper (Sokhey 3), that " a 48-hour growth of the plague bacillus
in a liquid medium bears no relation to the total quantity as such of the
medium nor to its surface area, but is directly proportional to the circum-
ference of its surface area ". We have since found that, although this
observation is not strictly correct, it still does hold because the growth
in the body of the medium which we had failed to note is so very small
as compared with the growth at the circumference. The temperature of
incubation employed was 280C as we (Sokhey & Habbu 5) had found it
to be the optimum temperature for growth of P. pestis. The method
employed for counting organisms has been described in another paper
(Sokhey3); it yields results of a high degree of accuracy (Sokhey & Habbu 5).
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Experiment I
This experiment is a typical example of the many we have made to

determine the rate of growth of P. pestis. The medium used was the usual
nutrient broth made from meat extract in which the organism grows well.
The number of organisms in the inoculum (which consisted of 0.01 ml of
a 48-hour growth) was such that, on seeding, the culture medium contained
602,500 organisms per ml. At 48 hours the growth, we found later, was
in the decline phase and had a generation time of approximately 800 minutes.
The results of the experiment are given in table I.

TABLE I. THE LAG PHASE OF GROWTH OF PASTEURELLA
PESTIS PRODUCED BY A LARGE INOCULUM FROM AN AGED

CULTURE

Time (hours) Count per ml

0 602,500
1 602,500

2 672,500

4 890,000

5 1,215,000

6 1,912,000

12 39,400,000

15 65,500,000

17 85,500,000

21 137,000,000

24 136,500,000

27 155,000,000

30 209,000,000

39 252,000,000

Generation time
(minutes)

00

379

297

133

92

82

245

312

353

C.D

90

808

Medium :10 ml of fresh nutrient broth in test-tubes with an internal diameter
of 1.7 cm. Inoculum : large-sized, from a 48-hour growth in nutrient broth
in stationary phase with a generation time of approximately 800 minutes.
Temperature of incubation : 280 C (optimal temperature)

It will be noted that:
(1) The lag phase lasted for 5 hours; there was no growth during the

first hour, and slow growth from the 2nd to the 5th hour. This lag phase
of 300 minutes' duration was much shorter than the generation time of the
organism in the inoculum, which was about 800 minutes.

(2) The logarithmic phase of growth lasted from the 5th to the 12th
hour, and gave a generation time of 92 to 82 minutes.

(3) The stationary phase following the logarithmic phase lasted for
12 hours, during the last 3 hours of which there was no growth at all.
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(4) The second logarithmic phase of growth lasted from the 24th to
the 30th hour, and gave a generation time of 90 minutes. This second spurt
of growth in geometric progression is probably peculiar to the plague
bacillus. Although this second logarithmic phase is exceedingly interesting
from a biological point of view, its explanation will not be discussed here
at length because it has no bearing on the lag phase. It will be fully treated
elsewhere; here it will suffice to say that the phenomenon is conditioned
by the oxygen tension in the body of this medium and on its surface. The
oxygen content of the medium when inoculated was 0.72%, and on the
surface the tension was atmospheric. To begin with, the organism grew
only in the body of the medium and not on the surface. By the 21st hour
the oxygen content of the medium had fallen to 0.04% and the growth
had come to an end for lack of oxygen. During these 21 hours the oxygen
tension on the surface of the medium had been reduced-we did not
measure to what extent-by the evolution of carbon dioxide, and with
reduced oxygen tension the growth, at first limited to the circumference
of the medium, began vigorously at the surface. We have noticed that
when we use our casein-hydrolysate medium in modified Haffkine flasks
(Sokhey4) the growth covers the whole surface in about 4 days, as a
continuous layer.

(5) The second stationary phase followed the second logarithmic phase.

Experiment II

We were anxious to reduce, if possible, the lag phase of 5 hours obtained
in Experiment I, and the medium was therefore seeded with an inoculum
from a culture in the logarithmic phase of growth, taken from a 6-hour
growth with a generation time of about 92 minutes. Furthermore, a much
smaller inoculum was used; the seeded culture medium contained 735
organisms per ml.

The results of this experiment are given in table II.
It will be seen that, instead of being shortened, the lag phase was actually

lengthened to 82 hours, i.e., seventeenfold. Not only was there no growth
during the first 78 hours, but a progressive reduction in the number of
viable organisms took place, until the number of organisms had decreased
from 735 to 50 per ml of the culture medium. This was followed by a slow
multiplication for 6 hours. Then began the logarithmic phase of growth,
giving a generation time of 106 minutes. Had we taken more frequent
readings for this 6-hour period of growth, we feel that a generation time
of 82 minutes would have been obtained at some stage.

This experiment showed that the smallness of the inoculum completely
submerged the opposite effect which the generation time of the organism
in the inoculum would have produced.
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TABLE II. THE LAG PHASE OF GROWTH OF PASTEURELLA
PESTIS PRODUCED BY A SMALL INOCULUM FROM AN ACTIVE

CULTURE

Time!(hours) Count per ml Generation timeTime (hours) Count oer ml I (minutes)

0 735

6 775

18 780

24 680

30 620

36 590

48 520

54 310

60 220

66 170

78 50

84 90
106

90 940

Medium :10 ml of fresh nutrient broth in test-tube with an internal diameter
of 1.7 cm. Inoculum small-sized, from a 6-hour growth in logarithmic
phase with a generation time of approximately 92 minutes. Temperature
of incubation 280 C (optimal temperature)

The experiment seemed to indicate that the multiplication of the
organisms was held up until some of the cells of the inoculum had lysed
and added some nutritive material to the culture medium. We tried out
this hypothesis by a third experiment.

Experiment III

For this experiment we seeded nutrient broth in a flask and incubated
it for 6 hours at 280C. We filtered the growth through an L2 candle. This
filtered broth was dispensed in 10-ml quantities in test-tubes and seeded
with an inoculum of the same age and size as in the second experiment.
The inoculum was taken from a culture 6 hours old with a generation
time of about 92 minutes and contained enough organisms to give, on
seeding, 1,035 organisms per ml of the seeded medium.

The results of this experiment are given in table III.
The sharp contrast in the duration of the lag phase in the second and

the third experiments will be noted. Experiment II gave a lag phase of
82 hours' duration, while there was hardly any lag phase at all in Experi-
ment lII--this in spite of the fact that the size and age of the inoculum in
the two experiments were the same. We had succeeded in keeping the
size of the inoculum approximately the same in both experiments; i.e.,
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about 1,000 organisms per ml (actually 735 and 1,035 organisms per ml
respectively). It is also to be seen, as pointed out earlier, that, in the second
experiment, during the first 72 hours of the long lag phase there was a

TABLE III. THE LAG PHASE OF GROWTH OF PASTEURELLA
PESTIS PRODUCED BY A SMALL INOCULUM FROM AN ACTIVE
CULTURE SEEDED IN FILTRATE FROM A PREVIOUS GROWTH

Time (hours) Count per ml Generationtimes

0 1035
108

1520
98

2 2325
121

3 3280
133

6 8400

Medium filtrate from a 6-hour growth in nutrient broth, 10 ml per test-
tube with an internal diameter of 1.7 cm. Inoculum: small, from a growth
in the logarithmic phase, generation time approximately 92 minutes.
Temperature of incubation: 280 C (optimal temperature)

progressive reduction in the number of viable organisms. No such reduc-
tion in number took place in the third experiment; the previous growth
in the medium had made it unnecessary. The substances added by the
organism to the culture medium caused the fresh inoculum to start
immediately on a logarithmic phase of growth.

Conclusions

The data presented show that, in the case of the plague bacillus, the lag
phase of growth could be entirely eliminated by seeding the organism into
nutrient broth in which the organism had previously been grown for about
6 hours and which was then filtered through an L2 candle. Evidently
during this 6-hour period the organism, through lysis, had added to the
medium some essential nutrient material which permitted of fresh growth
in geometric progression from the very start. Thus it would seem that
the lag phase was caused by the lack of some essential nutritive materials
in the culture medium, and that this lack was made good by the lysis of
the organism itself. The lag phase represented the period during which
the lysis was going on, and continued until a sufficient amount of the
nutrient had been added to permit of growth in geometric progression.
It is shown that the size and age of the inoculum acted through the same
mechanism in determining the length of the lag phase. In these experiments,
the duration of the lag phase when it did occur was not equal to, but was
actually considerably less than, the generation time of the parent culture.
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SUMMARY RESUMIE

Several theories have been put forward
in explanation of the lag phase of bacterial
growth. It is generally accepted that this
phase is of long duration when the ino-
culum is small, when it is taken from an
old culture, when the mnedium is unsuitable,
or when the temperature of incubation is
unfavourable. Some workers have em-
phasized that the stage of development
of the parent culture is an essential factor,
the duration of the lag phase being negli-
gible when the inoculum is taken from a
culture in the logarithmic phase of growth.

Experiments made by the author, using
Pasteurella pestis, have shown that the lag
phase is closely associated with the com-
position of the culture medium. The orga-
nisms, in fact, require for their develop-
ment the presence of substances which a
laboratory culture medium does not con-
tain, and which are set free by lysis.
Growth occurs only when some cells in
the inoculum are lysed, thus adding to the
culture medium the essential nutrient
which permits the other cells to develop.

In an attempt to detertnine the relation
between the duration of the lag phase and
the composition of the medium, the author
carried out three series of experiments. In
the first, a large inoculum was taken from
a 48-hour culture in the decline phase;
the duration of the lag was 5 hours. In
the second series, a small inoculum was
taken from a 6-hour culture in the loga-
rithmic phase of growth; the lag phase
lasted for 82 hours. In the third series,
an inoculum of the same age and size as
in the second was seeded in a medium
in which the organism had previously
been grown for 6 hours, and which had
then been filtered through an L2 candle.
Scarcely any lag was observed; the
logarithmic phase of growth began almost
immediately. It may be concluded from
these experiments that the lag phase
represents the period during which lysis
takes place, its duration being determined
by the age and size of the inoculum and

De nombreuses theories ont tente
d'expliquer la phase de latence de la crois-
sance bacterienne. D'une facon generale,
on a reconnu que la duree de cette phase
est longue lorsque l'inoculat est faible, ou
qu'il provient d'une culture agee, lorsque
le milieu est inadequat et la temperature
defavorable. Certains chercheurs ont sou-
ligne que le stade de developpement de la
culture mere est un facteur essentiel, la
phase de latence n'existant pratiquement
pas lorsque l'inoculat a ete pr6leve dans une
culture en phase logarithmique de crois-
sance.

Les experiences faites par l'auteur sur
Pasteurella pestis ont montre que la phase
de latence est sous la dependance etroite
de la composition du milieu de culture. En
effet, les bacteries ont besoin pour se deve-
lopper de substances mises en liberte par
la lyse bacterienne, qu'un milieu de culture
de laboratoire ne contient pas. La crois-
sance ne se produit que lorsque quelques
cellules de l'inoculat se sont lysees, ajou-
tant ainsi au milieu de culture des subs-
tances importantes permettant la croissance
des autres bacteries.

L'auteur a institu6 trois series d'exp&
riences, afin de determiner le rapport entre
la duree de la phase de latence et la compo-
sition du milieu. Dans la premiere serie,
l'inoculat, considerable, provenait d'une
culture en phase de declin agee de 48 heuress
la periode de latence fut de 5 heures. Dan-
la deuxieme serie, l'inoculat, faible, prove,
nait d'une culture en phase logarithmique;
agee de 6 heures; la periode de latence fut
de 82 heures. Dans la troisieme serie, on
utilisa un inoculat de meme age et de meme
concentration que dans la deuxieme serie,
mais un milieu dans lequel une culture
s'etait d6veloppee durant 6 heures et qui
avait ete ensuite filtre sur bougie. La
phase de latence fut quasi nulle; la phase
logarithmique debuta presque immediate-
ment. On peut conclure de ces experiences
que la phase de latence repr6sente la
periode durant laquelle la lyse se produit,
sa duree etant d6termnin6e par l11ge et
l'importance de l'inoculat; elle prend fin
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completed by the production of sufficient
nutrient to inaugurate growth in geometric
progression.

lorsque le milieu contient une quantite
suffisante de substances permettant la
croissance des bact6ries en progression
g6omn6trique.
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