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I. The Incidence of Phage-Producing Cells in Various B. megatherium Cultures
ABSTRACT

Analyses of small samples containing a few cells each show that lysogenic.B. mega-
thertum produces phage particles in groups of from 10 to 1000 depending on the mega-
therium strain and the culture medium. v

These groups probably correspond to the number of particles produced by a single
cell. The proportion of such phage-producing cells varies from <1 X 107 to about
1 X 1072 depending on the megatherium strain and the culture medium.

If a culture produces two types of phage, the different types usually appear in sepa-
rate samples. If mixed samples occur, the number of such samples is about what would
be expected for the probability that two separate groups would appear in one sample.
This result indicates that the appearance of a distinct phage type is the result of a
change in the bacterial cell rather than a change in a phage particle, since in the latter
case a mixture of the two types would result.

II. The Effect of Uliraviolet Light on the Incidence of Phage-Producing and
of Terramycin-Resistant Cells in Various B. megatherium Culiures

ABSTRACT

Low intensity of ultraviolet light increases the proportion of both phage-producing
cells and of terramycin-resistant mutants, The increase in phage-producing cells is
greater than the increase in terramycin-resistant cells.

High intensities of ultraviolet light cause practically all the cells of some B. mega-

* A brief report of this work appeared in the Proceedings of the National Academy
of Sciences, 1958, 44, 229,
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therium strains to produce phage. The number of terramycin-resistant mutants
cannot be determined under these conditions.

The effect of ultraviolet light varies, depending on the megatherium strain and the
culture medium.

III. The Effect of Hydrogen Peroxide on the Incidence of Phage-Producing and
of Terramycin-Resistant Cells in Various B. megatherium Cultures

ABSTRACT

Low concentrations of hydrogen peroxide increase the number of phage-producing
cells and of terramycin-resistant cells, concomitantly, from two to five times.

High concentrations of hydrogen peroxzide cause almost all the cells of some strains
of megatherium to produce phage.

IV. Calculation of the Incidence of Phage-Producing Cells
ABSTRACT

The time rate of the appearance of phage particles in normal cultures, or in cultures
treated with ultraviolet light or hydrogen peroxide, may be calculated by the same
equations which predict the occurrence of terramycin-resistant mutants in B, mega-
therium cultures.

These equations predict that the number of mutants will increase more or less in
proportion to the concentration of mutagenic agent, so long as the mutation rate re-
mains very small compared to the growth rate. As the mutation rate approaches the
growth rate, there will be a very rapid increase in the proportion of mutants. This ex-
plains the striking effect of higher concentrations of mutagenic agents.

In order to calculate the results after exposure to strong ultraviolet light or hydrogen
peroxide, it is necessary to assume that the change from normal to phage-producing
cell occurs without cell division.

The essential characteristics of bacterial viruses (bacteriophages) are now
pretty well established.

They are nucleoproteins (Northrop, 1938; Cohen and Anderson, 1946,
Taylor, 1946; Herriott and Barlow, 1954), produced by the bacterial cell (for
discussion of the evidence, ¢f. Bordet, 1931; Krueger, 1936; Northrop, 1938;
Lwoff, 1954-55, 1957; Herlik, 1954; Raettig, 1955; Northrop and Murphy,
1956; Welsch, 1956), which are capable of transmitting genetic information
from one bacterium to another (Freeman, 1951; Stocker, Zinder, and Lederberg,
1953; Lederberg and Edwards, 1953; Kauffman, 1953; Baron, Formal, and
Spilman, 1955; Adams and Park, 1956. A change in character of a culture
after infection with phage was described by Sonnenschein (1929)). The in-
formation is carried by the nucleic acid (Hershey and Chase, 1952). The virus
may, therefore, be considered a specialized type of transforming principle
(Gratia, 1936 ¢; Lederberg, 1957). Many, if not all, bacterial species produce
them. The production of the virus is a genetic property of the host cell (Leder-
berg and Lederberg, 1953; Wollman, 1953; Fredericq, 1953, 1954). All the cells
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of a lysogenic culture are potentially capable of producing virus, but only a
few liberate virus particles (Burnet, 1929; Burnet and McKie, 1929; Lwoff
and Gutman, 1950). The remaining cells contain no virus (Gratia, 1936), nor
any virus antigen (Miller and Goebel, 1954) so that the virus has no continuous
existence, and part of the time is indistinguishable from the host cell.

The virus has no metabolism (Bronfenbrenner, 1926; Schiiler, 1935; Aji,
1950) and is unable to use energy to synthesize itself; according to the writer’s
definition (Northrop, 1939 ), therefore, it is not living, If it is living, then the
reactivation of inactive virus (Krueger and Baldwin, 1933; Krueger and Elberg,
1934; Krueger and Baldwin, 1935; Krueger and Mundell, 1936; Northrop,
1955) is tantamount to the creation of life.

The origin of the virus and its characteristic properties may be accounted
for by the assumption that the virus is the result of a mutation of the bac-
terial cell.! After the mutation occurs, the cell produces virus particles instead
of more cells. These particles are able to transmit the property of producing
virus to other cells. They may be considered, therefore, as “hereditary lethal
mutants.” The new cell may then occasionally back mutate to give a new
lysogenic cell, similar to the original one. This process automatically prunes
off any phage-sensitive mutants which may arise, by destroying them or turn-
ing them back into phage-resistant lysogenic cells like the original culture.

If this assumption is correct, it would be expected that the proportion of
phage-producing cells would be increased by mutagenic agents, and Lwoff
and his collaborators (Lwoff, 1954-55) have shown that this is the case.

It would also be expected that other mutants present in the culture would
be increased to about the same extent as the phage-producing cells, since
mutagenic agents in general increase the proportion of all mutants (Muller,
1954).

The rate of appearance of the virus should be predictable by the same
equations which predict the rate of appearance of a known mutant.

In order to test these predictions, the effect of ultraviolet light and of hy-

1 Since the virus is indistinguishable from the “host” cell, at the time the mutation
occurs, it is a matter of convention whether the mutation is ascribed to the virus or
the cell (Gratia, 1921; Jacob, 1952; Boyd, 1956; Northrop and Murphy, 1956). The
facts are the same as in the appearance of a new enzyme in a cell-enzyme system.
This phenomenon is conventionally considered to be the-result of a cell mutation; the
principle of economy of hypothesis favors a similar convention in respect to a mutation
which occurs in a cell-virus system.

There is some direct evidence concerning the origin of the mutation. A single cell
produces one type of virus and not a mixture. If the virus mutates as it multiplies,
a mixture of virus particles would result, just as in the case of bacterial mutants
(Jacobs, 1952). This result was confirmed during the present work. Further, many
ways are known to cause a cell to mutate; no ways are known to cause a virus to
mutate.
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drogen peroxide on the incidence of phage-producing cells and of terramycin-
resistant cells (a proven mutation (Northrop, 1957 a)) in B. megatherium
cultures has been determined.

The experiments reported in the present paper show that the predictions are
pretty well fulfilled.

1. Incidence of Phage-Producing Cells in B. megatherium Cultures. Determination
of the Number of Phage-Producing Cells and of the Number of
Phage Particles Produced per Cell

Burnet (1929) and Burnet and McKie (1929) showed that only a few cells
of a lysogenic culture produced phage particles. They considered that the rest

TABLE I
Determination of Mutation Rate (\p) and Burst Size of Phage-Producing Cells in B. megatherium
899 Cultures at 35°C.
Megatherium 899 in logarithmic growth at 35°, centrifuged, washed, and suspended in
YEP; 30 cells/ml. in eighty-six tubes. Shaken at 35° and plated for colonies and phage as
noted.

A Coloniés/ml. | Cells/ml. | No. of samples | Phage/sample Totaﬁztemative AP
samples

0 8 25 20 0 20/20

1.5 25 75 60 0 66/60 1.2 X 107
1 20
1 80
1 800
1 980
1 1100
1 1180

of the cells contained an “anlage” for the phage. This result was confirmed
and extended by Lwoff (1954-55) and his collaborators, who considered that
the non-phage-producing cells contained “prophages.”

The ratio of the phage-producing cells to total cells has the dimensions of a
mutation frequency rate constant, by definition. This ratio will be called,
provisionally, the mutation rate of the phage-producing cells, Ap, in conformity
with the mutation rate of the terramycin-resistant cells, Arz.

The rate of appearance (mutation rate) of phage-producing cells and also
the number of particles produced per cell may be determined from a series of
small samples, in the same way that the mutation rate of terramycin-resistant
mutants is determined (¢f. Experimental Procedure).

The results of an experiment of this kind are shown in Table I. Sixty-six
samples were plated for phage after 1 hour at 35°. Sixty samples had no phage
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particles, two had a few, and four had between 800 and 1200 particles each.
There is little doubt, therefore, that in this experiment the phage particles
were liberated in lots of about 1000 each. If each lot of phage was the result
of a mutation, then there were six mutations from about 5 X 10° cells, cor-
responding to a mutation frequency rate constant A of 1.2 X 1073, (This is
lower than the average value and the burst size is larger.)

All the experiments in which a few samples, only, produced phage particles
resulted in counts which formed a group corresponding, no doubt, to the
burst size of a single cell. If the fraction of samples containing phage particles
is increased by increasing the number of bacteria per sample, it would be ex-
pected that some samples would contain two or more bursts, in accordance

TABLE 1I
Distribution of Phage among Fifieen Samples at 45°C.

Megatherium 899 in YEP, Fifteen tubes containing fifty cells each were shaken at 45° for
14 hour, and the contents of each tube plated for phage.

No. of samples in cl A ed No. of
Phalé{:::lple ’ - b“rs:t!_uzam 12 (%00 Total No. of bursts
Observed Calculated particles/burst)
0 to 300 1 3.6 0 0
300 to 600 8 5.1 1 8
600 to 900 0 0 0
900 to 1200 5 3.6 2 10
1200 to 1500 1 1.7 3 3
21

with probability theory. This is sometimes the result, as shown in Table II.
In this experiment the number of samples containing one, two, or three bursts
is about what would be expected, considering the small number of samples.

The results of a similar experiment carried out with a yellow mutant, Y,
resting or in logarithmic growth, are shown in Table ITI. This mutant produces
both C and T phage. In this experiment the mutation rate and also the burst
size of the C and T phages are about the same, but are lower when resting
bacteria are tested. This agrees with the results obtained with infected cells
(Krueger and Mundell, 1938) and is no doubt due to the fact that resting cells
are smaller and contain less NA (Price, 1949; Hedén, 1951; Northrop, 1953).

The fractions of samples showing one or two bursts of T or C phage or one
or more bursts of both approximate the theoretical expectation.

This result shows clearly that the C and T phage are produced by different
cells, as Jacob (1952) has found. This result is to be expected if the virus is
the result of a mutation of the “host” cell, but completely unexpected if the
mutation occurs to the phage particle. If the mutation occurred as the virus
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particles were multiplying in the cell, a mixture of the original virus and the
mutant would result. A mixed clone of virus particles would, therefore, appear,
just as a mixed clone of bacteria appears after a mutation occurs.

In some experiments in which most of the samples contain phage, the results

TABLE III
Distribution of C and T Phage in Samples Containing Megatherium 899 Yellow Mutant

Mutant 899Y in YEP in logarithmic growth, or resting, centrifuged, washed, and diluted
to (1 X 10%) cells/ml. 1 ml. in fifteen or thirty tubes, shaken at 35° for 1 hour. Plated for
phage.

Thunt | 2burets | €% D

. ur:

T%ﬁi? sa.mplses su:;fes samples

Growth -| Mutati A
e[Sy | ) Mumin | e

o | 8|3 8!3
§ | ples 12| 8|28z
k] a|l@d |2 | @] 8|
Ay [=] [&] (=] [ 8] (=] 1%

Logarithmic 2 T {30/13] 4 X 10™ [1000 =+ 100, 15 | 10 | 2 3 10 6.3

Logarithmic - 2 C [30/12(4.5 X 10~ 1100 = 100| 17 1 101 (3

Resting 0.7 T (15/10] 2X 10™ | 500 = 50| 5| 3|0 0.5 2 (1.2

Resting 0.71C {15/9 2.5 X 10~ | 600 - 80| 5| 4|0 0.7

TABLE IV

Distribution of Phage among Seventy Samples of Megatherium 899, Each Containing One
Hundred Cells after 1 Hour at 35°C.

No. of samples in class
Class range Calculated for 15 bursts of Calculated for 34 bursts of
Plaques/sample Observed 250 each 2500 each
Bursts/sample Bursts/sample
0 to 200 22 58 0 <1
200 to 400 9 11 1 <1
400 to 600 3 1 2 <1
> 600 36 <1 3 or more <1
0 to 2000 46 <1 42 0
2000 to 4000 15 <1 21 1
4000 to 6000 8 <1 5 2
> 6000 1 <1 1 3 or more

do not agree with simple probability theory, based on a single burst size. An
example of this type is shown in Table IV.

The results in this case cannot be accounted for by assuming any one burst
size. If a small unit is assumed, there are many more high count samples
than would be expected, while a large unit fails to account for the low count
samples. The results may be calculated, if it is assumed that there were 15
units of 250 phage particles each and 34 units of 2500 phage particles each,
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The high counts may be due to the fact that some cells continue to divide,
after the mutation has occurred and phage production has been initiated. This
actually happens when megatherium-sensitive is infected with C phage in very
dilute suspension (Northrop, 1953). Such cells may divide two to three times
before lysis occurs and in this case the sister infected cells probably all liberate
phage at the same time.

Small bursts would occur if the culture contained some resting cells. Since
the culture as a whole was in logarithmic growth, this explanation appears to
be unlikely.

The production of phage in bursts may also be demonstrated by determining
the phage concentration in a sample containing a few cells, at different time

Dilute
!

3
10 y/mté/o y

oL A

10 1 1 [l ]
Hes 05 10 15 20 25 30

Fi6. 1. Increase in the number of phage particles in a culture of megatherium 899
containing about 100 cells.

Megatherium 899 in logarithmic growth in YEP centrifuged and washed twice in
YEP and diluted to contain about 100 cells/ml. 2 ml. in small test tubes shaken at
35°. Diluted 2/4 every 34 hour and plated for phage and colonies.

intervals. An experiment of this kind is shown in Fig. 1. The culture was
diluted one-half every half hour and the colonies per milliliter and phage per
milliliter determined. The results show that between 0.5 and 1 hour about
900 phage particles appeared. The number remained the same for an hour and
then 1000 more appeared.

Phage-Producing Cells and Terramycin-Resistant Mutants of
Various Megatherium 899 Mulanis

Since phage production is a genetic property of the host cell, mutant strains
of the organism which differ in genetic constitution would be expected to differ,
more or less, in the number of phage-producing or terramycin-resistant mutants.

The growth rate, burst size, and the ratio of phage and of terramycin-
resistant colonies to bacteria of several B. megatherium mutants are shown in
Table V. Each mutant has a characteristic value for the phage/cell and ter-

. . . . P
ramycin-resistant colony/cell ratios. The ratio of phage/cells (T/V‘) may be
e
either higher or lower than that of the terramycin-resistant colonies/cells
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TABLE V
The Growth Rate, Gelatinase Concentration, Proportion of Phage-Producing and Terramycin-
Resistant Cells, and the Mulation Rates of These Cells in Various
B. megatherium Cultures at 35°C.

o . Mutation rate » by
Equilibrium ratio null fraction
K Gelati-
@ v nase
g.e:’:;fna’ g‘;l‘;:g:l £ |Terramycin- Phage type Eﬁ Burst size | units/
& | resistant |Phage/cells 'a% Phage-pro- xce}l&
o | colonies/ X108 = S tducing cells
% fcells X 108 5‘5"
2 ESX
o 3]
899 YEP 1.8 ] 20 to 40 3 X 102 T 2.5} 3 X 1072 | 200 to 500 |t X 108
1 X 102 C
899 Arginine, | 1.0 30 1 X 107 T 2 10 X 1073 | 100 to 200 <10
aspartic
acid,
103 u
MgSO4
899 Arginine, | 0.6 50 0.5 X 107 T 5 2 X 1073 lO:to 20
aspartic
acid,
1075 M
MgS0,
899 ASCM | 0.4 20 1 X 107 T <10
899 adapted] ASCM | 1.8 1 X 107 {Small T
(AC8) 1 X 107 [C+ S, etc.
ACs
adapted to | YEP 1.2 1.5 X 108 1 X 104 | Small T 5 X 100
Y YEP 2.0 20 to 40 1 X 106 T 4 2.5 X 107 | 500 to 1000{1 X 103
0.3 X 108 C 2.0 X 10~
Y1 YEP 2.0 <1
Y ASCM | 0.7 20 1 X 104 T 30 (1.5 X 1073 2to4 <10
3 X 108 C 2.0 X 10-¢
Sp YEP 0.5 6 X 108 3 X 100 T
KM YEP 1.8} 5to 500 [<1 X 107 1 X 102

W
899 cultures is about 20 X 107%, the ratio of T phage per cell is about 3, while
the ratio of C phage per cell is in the order of 1 X 1075, The sensitive strain
KM and a mutant from lysogenic strain AC8 produce <1 X 107° phage/
cell; a yellow mutant Y1 produces <1 X 108 terramycin-resistant colonies/
cell.

TR . . . . .
(———) . For instance, the ratio of terramycin-resistant mutants per cell in
e
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The equilibrium ratio, the mutation rates, and the burst size, also vary with
the culture medium. The burst size increases with the rate of growth as in the
case with infected cells (Krueger and Mundell, 1938; Hedén, 1951; Northrop,
1953), and there is some indication that the mutation rate also increases with
the growth rate, as Zamenhof has found (1945).

The gelatinase concentration is higher in those cultures in which the burst
size is high. There is no increase, however, in the gelatinase concentration if
the culture is caused to lyse by ultraviolet light or hydrogen peroxide. It is
probable, therefore, that changes in the gelatinase concentration are due to

TABLE VI
Terramycin-Resistant Colonies, C Phage, and T Phage from Various Clones
of Megatherium §99Y
Ten colonies picked from YEP plate, grown up in YEP to (1 X 108) cells/ml., and plated
for phage and terramycin-resistant colonies.

Clone No. Ti::l:i?;gi/%;ﬁs;ﬁa;t C phage/cell X 10% T phage/cell X 105
1 - 80 40 1000
2 35 30 300
3 140 10 100
4 130 2 30
5 20 3 30
6 30 4 70
7 50 6 70
8 100 3 0.1
9 30 10 1
10 10 <1 X 10°% (Sensitive)
<t X 10-¢

changes in the amount of enzyme produced per cell, rather than in the number
of cells which produce the enzyme.

The ratios of terramycin-resistant colonies and of T or C phage per bacterium
in different clones of the yellow mutant, Y, are shown in Table VL. There is
considerable variation in each ratic among the various clones. One clone
(No. 10) did not produce any phage, and was sensitive to phage. The variation
decreases if the clones are kept in continued logarithmic growth, as in the case
of terramycin-resistant mutants (Northrop, 1957 ).

I1. Effect of Ultraviolet Light on the Incidence of Phage-Producing Cells
and Terramycin-Resistant Cells

The effect of ultraviolet light on the growth rate and proportion of phage-
producing and terramycin-resistant cells in cultures of 899 is summarized in
Table VII. Continuous exposure of 899 in YEP to low intensities of ultra-

violet light increases the ratio of phage to cells % from about 0.5 to 3, while



ORIGIN OF BACTERIAL VIRUSES. I, I, I, AND IV

118

00¥F 01 00T 0T X ¥ | »-0F X ST L 01 X 7 §T 8’0 1] S 143
00 03 00T 01 X €| »-01 X 2 9 01 X | 1Y/ 8’1 - - se A 668
01 X S |01 X9°¢ (111 S se
901 X 7 | 01 X S°¢| 9%°0 - — se d$ 668
0001 ©3 Q0S | ¥'¥ (S154]) o 60| ¢ ¥ s€
00F 03 007 e-01 X OS] 01 X 0f § 0T X 07} 0£ 3 0Z | 8°00F 03 ¢ 01 S€
007 03 002 =01 X O} -0 X §| 0 X € sz 0T X ¢ 0z 8’1 - - Se
s Wi
snon ¢ wouty
005 93 Q0F e-0F X §| 0T X ¢ 0l X ¢ 0z 8'0 | -uguodl 0Qf s
0S1 01 X 9T} -0 X Z| 201 X I 01 X §°0, ST 8'0 — - YA 668
s "84
=5
.P E K~vsm | e %“uwm. W01 X
LY O
; N YT =D wol) wﬁwﬁ_uu 50%\—oww,a n:wwﬂu.%»wou o SWLL uwsia smyes wny
3718 Jsang .m_w s{[s0 Buyanpord-a3eqq ,%MM&%..%M_M L “URAUSIRY iy mosn ~dway, iv&mwﬂ:
271 duN) AOREIBY 2pex Louanbasy voneynpy g oney amsodxy

"3uap xod gzF Inoqe sy ueam
37} JO UONEIASP STIBAT O], '[OBI SJUSMLAGXD DA[OM) O} XIS JO SUBAW SY) SIB §3)I UOHEINUI Y} pue SONEI WINEQMDI 2Y) J0] SAINSY Sy T
SPangmy) WnLIYID32 Y T SNOLID A U3 SIR)) 38 I
fo s310Y uosDm Iy oyt PO ‘SIPD JUDISISOY -k wDIa L fo puD SutonposI-o3vyg fo uorrdosd ‘Y yiawsn) ay1 uo wIVT plorav fo 19fq ]
IIA 419VL



JOHN H. NORTHROP 119

the ratio of terramycin-resistant colonies to total colonies increases from about
15 to 20 X 107%. Part of the increase in the % ratio may be due to the fact
that the burst size appears to be larger when the cells are exposed to ultra-
violet light.

If the culture is exposed for a short time at 35° to stronger ultraviolet light,
the mutation rate of the phage-producing cells increases about six times and
that of the terramycin-resistant cells about twice.

W/ml.
108

—calc.

5 1 1 | 1
10 Hrs. 05 10 15 20

F16. 2. Phage (P)/milliliter and cells (W)/milliliter in a culture of megatherium
899 in YEP at 20°.

Logarithmic growth 899 centrifuged and washed tw1ce in YEP and shaken at 20°.
Three phage determinations on each sample.

Results calculated by equations (6) and (9).1 = 50,C = 0.8 X 1073, Wy = 5 X 107,
Py =4 X105 4 = 044.

If the culture is exposed to strong ultraviolet light so as to cause complete
lysis, the mutation time rate C is increased from 10 X 10~ to 4.4 (Fig. 6)
(i.e., phage-producing mutants are formed at the rate of 4.4 per hour) and the
mutation frequency rate constant is >0.5. The terramycin-resistant mutants
cannot be determined under these conditions, since no colonies are formed.

899Y (the yellow mutant) growing in YEP (at the time these experiments
were carried out) was not affected by ultraviolet light. No lysis occurred and
there was no increase in the ratio of W 21;1;, or in the corresponding mutation
rates.

The rate of appearance of phage particles in a suspension of 899 growing
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at 20° is shown in Fig: 2. The results were calculated by equation (6),- assuming
that the mutation occurs at a rate C, independent of the growth rate 4 (cf.
Table I). The value of 4 was taken from the growth curve of the culture, and
W, the initial cell concentration, was determined by turbidity. '

Fig. 3 shows a similar experiment at 40°, In this experiment, the culture
was diluted 1/10 about every hour so as to maintain constant logarithmic
growth. The ratio of phage to cells is lower than usual.

N
FL oy
. & SR S
i ° A
107 "
)
ditute Yo  dilute 4o
108 W/ml. P/ml.
* obs. o obs.
——calc. —cale.
105T 1 1 L 1 ! 1
Hres. 0. 10 15 20 25 30

F1c. 3. Changes in cells per milliliter and phage per milliliter in a culture of 899
growing in YEP at 40°C. Experimental procedure same as in Fig. 2. Results calculated
by equations (6) and (10). 4 = 2.3,C = 1.4 X 1073, Py = 2 X 105, W, = 1.5 X 10,
1 = 700.

The increase in phage particles in these experiments follows a smooth curve,
since a large number of cells are present. If very few cells are present, the
increase in phage particles occurs in steps. Cf. Fig. 2.

The production of phage by a culture of megatherium 899 growing while
continuously exposed to weak ultraviolet light is shown in Fig. 4. The muta-
tion time rate constant C is 0.14 in the presence of ultraviolet light instead of
1 X 1073, The increase in phage concentration in this experiment is much larger
than the average value.

A similar experiment, in which the SP strain was used, is shown in Fig. 5.
In this case the ultraviolet light changes the mutation time rate constant of
phage-producing cells from 7 X 10~ to 9 X 10~%. There was little or no change
. TR
in the W

ratio.
y
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The result of exposure to strong ultraviolet light is shown in Fig. 6. In this
case the value of C increases from 1 X 1073 to 4.4 per hour. The result of this
experiment cannot be accounted for if the mutation is assumed to occur as a

510)‘10"’— o uv
o R
1x10 T Control
100
3 10 |
P
1 -
o. 1 1 (] 1

]
IHrs. 1 2 3 4 5 6

Fic. 4. Growth and phage production of megatherium 899 exposed to continuous
ultraviolet light.

10 ml. of a suspension of megatherium 899 in logarithmic growth in YEP exposed to
ultraviolet light at a distance of 50 cm. from a 2 mm. slit in front of General Electric
germicidal lamp. Culture stirred with air at 25°C.

Suspension diluted 1/3 about every 1.5 hours.

Cells per milliliter by turbidity. Phage per milliliter by plaque count. Results cal-
culated by equation (7).

In this calculation ¢ = time of exposure — 1.5 hours. This is the time (0.75 to 1
hour) required for the ultraviolet light or its reaction products to make the changes
necessary in the bacterial cell. Another 0.5 to 0.75 hour is required for the mutant
cell to produce and liberate the phage particles. The mutation itself, therefore, must
occur about 45 minutes at 25° before the phage particle appears.

Values of constants used in calculation

Constant Control Ultraviolet
4 500 500
Cc 1 X 1072 140 X 10~
A 1.0 1.0

result of cell division, since in that case, the rate of disappearance of the wild
cells cannot be greater than the rate of growth, before the mutation occurred
(Northrop and Kunitz, 1957).
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I11. Effect of Hydrogen Peroxide on the Incidence of Terramycin-Resistant Cells
and Phage-Producing Cells

The results of a series of experiments in which various B. megatherium
strains were grown in the presence of hydrogen peroxide are shown in Table
VIIL

—
(=

e UV

Control

TR col/Wcol.
3
]‘“

1 1 1 1 (]
Hrs. 1 2 3 4 5

F16. 5. Effect of ultraviolet light on phage production of SP megatherium in YEP
at 25°C.

10 ml. YEP containing 1 X 107 cells/ml. in quartz and glass test tubes, placed 50
cm. from 2 mm. slit in front of General Electric germicidal lamp. Suspension stirred
by air bubbles. Cells per milliliter by turbidity. Phage per milliliter by plaque count
(after toluene). ¢ = elapsed time — 1.5 hours. Results calculated by equation (6).

Constant Control Ultraviolet
Py 5 X 108 5 X 108
] 10 10
c 7 X 10~ 9 %X 10-3
Wo 2 X 107 2 X 107
A 0.46 0.46

The ratio of terramycin-resistant cells to wild cells and also of phage to
wild cells in megatherium 899 Y cultures is increased about three times in the
presence of (3 to 5) X 10~5 M hydrogen peroxide. This is true in YEP and also in

ASCM, although the ratio of L

W is much lower in the latter culture medium.
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There is a concomitant increase in the mutation rates, as determined by the
null fraction method, showing that the increased ratios are due to the appear-
ance of more mutants, and not simply to a change in the growth rates, or in the
number of phage particles formed per cell. Higher concentrations of peroxide
give irregular results, frequently lower than the ratio observed at 1 X 10~
molar. This is the usual result of higher concentrations of mutagens.

1011 -

10101

0%

108

10"

Hps. 1 2

Fi1c. 6. Effect of strong ultraviolet light on phage (P) and cell concentration (W).

Megatherium 899 in logarithmic growth in YEP at 35° exposed to General Electric
ultraviolet light for 10 minutes at 10 cm. distance and then shaken at 35°.

Results calculated from equation (6). I = 700, C = 44, 4 = 09, W, = 2 X 1(,
Py = 1.5 X 10 X = 0.7, = (elapsed time — 1.0).

The results are calculated as if the phage were liberated as soon as the mutation
occurred.

The ratios of phage to cells and of terramycin-resistant mutants to cells
in cultures of 899 growing in ASCM or aspartic acid-arginine medium contain-
ing 1 X 10~ M/liter hydrogen peroxide also increase concomitantly three or
four times.

In YEP, however, there is a sudden increase in the ratio of phage to cells
at about 2 X 10~% M hydrogen peroxide and higher concentrations cause com-
plete lysis.

This confirms Lwoff’s (1954-55) observations that lysis is difficult to induce
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in synthetic media, in which the ratio of P is low. Similar results are reported

14
by Haas and Doudney (1957) in connection with the occurrence of a color
mutant of B. coli.
The fact that mutagenic agents will cause complete lysis in cultures which

TABLE VIII
The Effect of Hydrogen Peroxide on the Growth Rate, Proportion of Phage-Producing and of
Terramycin-Resisiant Cells, and the Muiation Rates of These Cells in Various
B. Megatherium Cultures
The figures for the equilibrium ratios and the mutation rates are the means of six to twelve
experiments each. The average deviation of the mean is about 20 per cent.

Equilibrium ratio R Mutation frequency rate
Phage-producing Cell
B Terramy- ge-producing Cells Busst
mega- Culture |Hydrogen| <% |Terramy- cin-resis- urs
ther- medium peroxide | & | cin-resis- Phage/cells tant mu- 5‘7°
um g (tant colo-|" "GN | tants by
g |nies/cells null By null By \ = R
& fraction | fraction 2|
8 X 108
]
Mol./liter
Y YEP 0 1.8 26 4 X 108 4 1.6 X 10| 2 X 10~¢ {100 to 300
3 X105 1.5 70 14 X 10¢ 18 5X 1074 7 X 107¢ {100 to 200
Y ASCM 0 0.7 20 3 X 108 2 3 X 1078 1X 1077 150
5 X 1078 40 10 X 10? 6 7 X 1078 30
899 YEP [ 1.8 50 3 X 108 2.5 6 X 1073 | 10 X 107* |200 to 400
1 X10°5{ 1.6 80 8 X 108
5 X 107 >1 X 10t >0.5
(lysis)
Arginine, as- 0 6 3 X 108 3 1.6 X 1072{ 1 X 102 [100 to 200
899 1 [partic acid, | 3 X 1078 10 8 X 108 5 20 X 102
10~3 M MgS0,
899 ASCM 0 7 2.3 X 108
1 X 107 30 13 X 10¢
KM YEP 0 5 <1 X102
§X 1078 30 <1 X 1072

have a high ratio of mutants/cells, but not in cultures with a low ratio is
predicted by equation (7) (¢f. p. 127).

The effect of increasing concentrations of hydrogen peroxide on the ratio of
%, in a culture of 899 in YEP, is shown in Fig. 7.

The solid line is calculated by equation (7) assuming that C, the mutation
time rate constant, is proportional to the hydrogen peroxide concentration.
This is the usual relation (for lower concentrations of mutagenic agents) and
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provides good agreement with the experimental results. In low peroxide con-
centrations the virus increases in proportion to the hydrogen peroxide concen-
tration, but as the value of C approaches the growth rate, a small increase in
the hydrogen peroxide results in an enormous increase in the ratio of virus to
cells. This is correctly predicted by the equation.

The rate of appearance of virus in the presence of 5 X 10~% M hydrogen
peroxide is shown in Fig. 8. Under these conditions, practically all the cells
produce phage. The rate of decrease of the cells is much faster than the growth
rate, and hence, the change to phage production must occur without cell di-

— calc.

1000}

600
B

400

200

10-5 rols HzOz /1

w
various concentrations of hydrogen peroxide after 2 hours’ growth at 35°C.
Results calculated from equation (7). ¢ = 2,1 = 100, C = 0.1 + (3 X 104 X
(mols H:O/liter).

P
F16. 7. Ratio of virus particles to cells ("—) of megatherium 899 in YEP containing

H,0; mols/liter 0

1 5x 1078
A 2 1.6

2 3

1 0.70.5
vision, since otherwise the rate of decrease of the cells could not be faster than
the growth rate, even though every new cell produced phage. These results
are also predicted quite well by equations (6) and (10). In this case, it is as-
sumed, for ease of calculation, that the mutation occurs at the time the virus
appears, but actually the change probably occurs about 14 hour before the
virus appears.

899Y1, a mutant clone of Y, which produced no terramycin-resistant mutants
for several weeks, could not be induced to produce any in the presence of hy-
drogen peroxide, although the phage ratio increased.

The sensitive strain KM, on the other hand, which produces no detectable
virus, could not be induced to produce virus, although the ratio of terramycin-
resistant mutants to cells increased.

In general, if a culture produces less than 1 per cent of the number of mutants
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which can be detected, ultraviolet light or hydrogen peroxide would not cause
the mutant to appear, since the mutation rates of terramycin-resistant mutants
in KM cultures are only increased about five times by either ultraviolet light or
hydrogen peroxide.

There are many reports in the older literature of the “production” of bac-
terial viruses by treatment with various substances, usually mutagens. Similar
experiments recently have been reported by Hercik (1956) and Hradeéni
(1956). Yamafuji (1956) has described the production of polyhedral virus in
silkworms by various reagents. Such results are to be expected, if the virus is

> © O
1090
P/ml.
° © obs.
g —calc.
107
108 1
v‘o\ W/ml.
? y e obs.
o B % —calc.
2
o7 1

1 1 1
Hes. 05 10 15 20 25

Fi16. 8. Change in phage and cell concentration in a culture of 899 growing in YEP
at 35°. 5 X 10~5m H0,/liter added at 1.0 hour. P calculated by equations (6) and (10).
=250, Wy =7 X 107, Py =2 X 10°,C = 6.4, 4 = 1.8, W = Wee"4=".

a result of a cell mutation. A virus disease, therefore, may be infectious and
also endogenous.

IV. Calculation of the Incidence of Phage-Producing Cells

If the mutants arise as a result of cell division, the number of mutants in
a bacterial culture in logarithmic growth is given by
ZMWO[eBt — 6(1—2)\)411
M= =3 _a -4

+ MoeBt 3)

(Northrop and Kunitz, 1957)
and the ratio of mutants to wild by
{B—(1—2\)A)¢e _ [B—(1—2)) 4] ¢
¥ 2Mle 1l | Mo @
w B—-(1-2M4 Wo

(Northrop and Kunitz, 1957)
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in which 4 = growth rate of W, A = mutation frequency rate constant, and
B = growth rate of mutants.
In the case of phage-producing mutants, B = 0, since the mutants do not

grow, and the number of mutants M = 17) in which P is the number of phage

particles and ! is the burst size; i.e., the particles formed by a single mutant
cell.

Substitution of B = 0 and M = l—;in (3) and (4) gives

AW lL — Uy

P P @ - P
2 —1 + Po
EA-DAt __ (A1) At
P _ 2Nl 1] | Poe 4 - P)
w 28 —1 Wae

If A = 0.5, the ratio of P will remain constant at ﬂ
‘ w W,

A > 0.5, the wild cells will eventually disappear.

. P . P, 2N
If A < 0.5, the ratio 7 will reach a constant value W, T= o
P
I -
f AL, A . (s)

In case the mutation occurs without cell division, the corresponding equations
are

ICWo[e(“_C) t— 1]

6,
P 1-C + Py 6)
P Clelomt — 1) | Pyeloma)!

- = 7
w c—-4 + Wo @
If
C >4, %_. 0 as f— ®
I
//
CK A, %___;19 as f— o (8)
and
C=2\M ©
also

W = Woeld—0)¢ (10)
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Substitution of 2AA4 for C in (6) gives P = 2NWle4* — 1] + P, which is

identical with (3 — P),if A< 1. Also XA = EZ’%—, the same as equation (5).
e

If the mutation rate is low, therefore, the result is the same whether or not
the mutants appear only as a result of cell division.

If the mutation rate is significant compared to the growth rate, however,
the results predicted by the two mechanisms are very different. As the growth
rate approaches 0, for instance, the proportion of mutants will remain constant,
if mutants appear as a result of cell division, but will increase rapidly if they
are formed without cell division. Also, the velocity constant for the rate of
disappearance of the wild cells cannot be greater than A, the growth rate
velocity constant, if the mutants appear after cell division, but it can have
any value if the mutants are formed without cell division.

In the present experiments it is clear that the change from a normal to a
phage-producing cell in the presence of hydrogen peroxide or ultraviolet light
occurs without cell division, since the rate of disappearance of the cells is
greater than the growth rate. If the mutants appear only as a result of cell
division, this could not occur, and the cells would decrease at a rate equal to
the growth rate, even though every daughter cell was a mutant.

In the absence of these mutagenic agents, when the mutation rate is very
low compared to the growth rate, it is not possible to say whether the mutants
appear without cell division, or not, since under these conditions the equations
are the same for both conditions. Decreasing the growth rate by decreasing
the temperature or changing the culture medium does not result in an increase
in the mutation rate of either the terramycin-resistant cells or the phage-
producing cells, as might be expected if the mutation occurred without cell
division. It may be supposed, however, that changing the conditions also
changes the mutation rate in proportion to the growth rate.

The Effect of Increasing the Mutation Time Rate Constant on the Equilibrium
Ratio of Mutant to Wild Cells

Equation (7) predicts that if C (the mutation time rate constant) is much
smaller than 4 (the growth rate constant), the equilibrium value of the ratio

P ... . . .
Wwﬂl increase in proportion as C increases. When C approaches 4, however,

the value of Vil; will increase very rapidly and as soon as C > A, the mutants
will eventually overgrow the culture. It would be expected, therefore, that
mutagenic agents would increase the number of phage-producing cells slowly,
at first, but that a critical value would be reached, at which point all the cells
would produce phage. This is what happens (¢f. p. 125). If the mutation rate
is small compared to the growth rate, this critical value may not be reached.
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Calculation of the Number of Bursts per Sample

The probability P, that a sample will contain r bursts in # trials, according
to Poisson’s law of small numbers, is

_ (np)re—np

P,
r!

in which # is the number of bursts (trials) and p is the probability of one burst
occurring in one sample.

—

In these experiments, » = the total number of bursts; § = ~ in which

o

s = the number of samples.
The equation, therefore, may be written

(l‘)r e (n/e)
s

P, =
r!

The number of tubes containing r bursts is P,s (Mellor, 1913).

Valuesof P for various values of 1: andraregivenin Pearson (1914) (Table LI).

In this table,x = rand m =

« !X

Calculation of the Number of Samples Containing Both C and T Phage, Assuming
That the Two Types Are Produced Independently

The probability that a sample will contain bursts of both T and C phages
will equal the product of the separate probabilities.

Peyr = Pr X Pg

in which Pg is the probability that a sample contains 1 or more T bursts,
and Pg is the probability that a sample contains 1 or more C bursts.

V. Experimental Procedure

Determination of the Equilibrium Ratio of Phage/Cells and Terramycin-Resistant
Colonies/Cells. (Cf. Northrop, 1957 c.)

The culture is maintained in continuous logarithmic growth, by repeated dilution,
or in a steady state apparatus (Northrop, 1954), and the number of terramycin-re-
sistant colonies/cell and phage/cell determined at intervals, until a constant ratio is
obtained.

The incidence of the terramycin-resistant cells in most cultures is so low that it
is necessary to have from (1 X 107) to (1 X 10%) celis/sample in order to obtain a
reliable count of terramycin-resistant colonies. The phage/cell ratio may be de-
termined from the same sample, but the ratio obtained in this way is not directly com-
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parable to the results of the mutation rate experiments, since in the latter experiments
the cell concentration is a few hundred/milliliter instead of a few million. The cell
concentration affects the number of phage particles liberated per cell, to some extent.
The effect of the mutagenic agent also varies with the cell concentration of the suspen-
sion. For this reason it is better to determine the phage/cell ratio in separate experi-
ments in which the cell concentration is maintained at <1000/ml.

Determination of the Mutation Rate of Terramycin-Resistant Cells by the Null
Fraction Method. (Cf. Lederberg, 1951.)

The determination was made as described previously (Northrop, 1957 ¢).

Determination of the Mulation Rate by the Null Fraction Method and the Burst
Size of Phage-Producing Cells

A culture of bacteria in logarithmic growth is centrifuged and washed twice in the
culture medium and the cells suspended in 10 ml. culture medium. The bacterial con-
centration is determined by turbidity and the suspension diluted to contain ten or more
cells/ml., depending on the number of phage-producing cells expected. The number of
cells present in 1 ml. should be chosen so that from one to six out of ten samples will
contain phage after 0.5 to 4 hours, depending on the temperature.

1 ml. of the dilute suspension is placed in twenty or more 15 X 125 mm. test tubes.
Two samples are plated for colonies at once and 2 drops of toluene are added to five
or more tubes. The remaining tubes are shaken at 35°C. (usually) for 0.5 to 1 hour.
Three tubes are then plated for colonies and 2 drops of toluene added to the remaining
tubes. All the tubes to which toluene was added are kept at 25° for about an hour.
They are then placed in a vacuum desiccator, and kept in the vacuum until the toluene
has completely evaporated. This requires 2 to 3 hours.

All the samples are then plated for phage as usual.

The samples to which toluene was added at the beginning must give a negligibie
number of plaques, compared to the samples in which one or more bursts have oc-
curred, otherwise the number of bursts cannot be determined. Cultures which have a
very high mutation rate (>0.01) are not satisfactory, because it is necessary to have
a very small number of cells in order to obtain single bursts, and the colony counts are
therefore irregular. If very few cells are present per sample, the random appearance of
fast growing cells, instead of phage-producing cells, might determine the results.

Calculation of the Muiation Frequency Rate Constant

The mutation frequency rate constant (“mutation rate”) is the ratio of mutants to
new wild cells, by definition. In the case of phage-producing mutants, there is a com-
plication in determining the number of wild cells owing to the fact that some time
elapses between the occurrence of the mutation and the time it can be detected by
means of the free virus particles.

The number of cells used to calculate the mutation rate should be the number which
were present per sample when the mutation occurred. The exact time of this occur-
rence is not known, however. Cells which have been exposed to ultraviolet light re-
quire about 1 hour to liberate phage particles (less, if covered with toluene or de-
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prived of oxygen), while infected sensitive cells require 4 hour at 40°, Cells growing
in some culture media cannot be infected, nor caused to undergo massive lysis by ultra-
violet light. There is, in addition, a lag in the growth rate of cells which have been
centrifuged and washed. This further complicates the determination of the time
interval.

In view of the uncertain time required for lysis after the mutation occurs, it seems
preferable to use the number of cells present at the time the phage particles were
liberated. This method will result in a mutation rate which is too small. If there is a
definite number of generations between the time of mutation and the time of virus
release (Lwoff and Gutman, 1950), then the mutation rate calculated in this way is
greater than the correct value by a constant factor of about 3, but if the time between
the two events depends upon some reaction which is independent of cell division, as the
temperature effect indicates (Northrop, 1957 b), then the correction factor would vary
with the conditions of the experiment.

On this basis the mutation frequency rate constant (mutation rate), A is defined by

2.3 log samples

negative

Cells per sample at end of experiment

Since the phage particles do not multiply, the value of A may be described by the

P P
relation A = W in which W is the ratio of virus to cells at equilibrium and ! is the
burst size. This method also is somewhat uncertain since the burst size and the ratio

P . .
of ﬁ; decrease as the cell concentration increases. The value of / can be determined

P
only in very dilute suspensions, while the equilibrium value of — is best determined in
concentrated suspensions. This fact accounts for the different values of X, obtained by
the two methods.

The Effect of Toluene

Samples from cultures which have a high proportion of phage-producing cells and
which liberate a large number of phage particles per cell may be plated directly with-
out the addition of toluene, since the number of colony plaques is small compared to
the phage plaques. Samples of cultures, 899 in ASCM, for instance, which have very
few phage-producing cells, and which produce only a few particles per cell, must have
the cells killed before the sample is plated for phage; otherwise, all samples will con-
tain so many colony plaques that the appearance of the phage plaques is obscured.

The addition of toluene to resting or growing cultures under normal conditions kills
the cells but has no effect on the virus (Northrop and Murphy, 1956).

The addition of toluene to samples from cultures which have been exposed to ultra-
violet light may have an effect on the phage count.

If toluene is added to such cultures immediately after exposure to ultraviolet light
(or if they are allowed to stand at 20 to 25°), the cell concentration decreases slowly
without any increase in phage (Fig. 9).
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If the cultures are grown up for 25 minutes or more after exposure, at 40°, and then
allowed to stand, with or without toluene, complete lysis occurs in 10 to 20 minutes
and the phage concentration may increase almost as much as in a culture grown at
40° until lysis occurs. This requires about 1 hour. The cells, therefore, probably con-
tain active virus particles 20 to 30 minutes after exposure to ultraviolet light and these
particles are liberated by lack of oxygen. The toluene serves to kill any live cells, and
also to prevent the absorption of oxygen.

10 10

10°

108

107

6
Joo

Minutes

Fi6. 9. The effect of standing at 25° on the phage and cell concentration of 899
cultures after exposure to ultraviolet light. 12 ml. of a culture of 899 in YEP in log-
arithmic growth at 40°, containing 1 X 10°B/ml., was exposed to ultraviolet light in
a quartz test tube for 3 minutes at a distance of 2 cm. The culture was then diluted to
1.7 X 10'B/ml. and 10 ml. placed in six 22 X 175 mm. culture tubes and shaken at
40°. Two tubes were removed as noted, toluene added to one of them, and both tubes
allowed to stand at 25°. B per milliliter by turbidity.

Cultures and Methods of Transfer

B. megatherium 899.—Lysogenic culture descended from de Jong’s. This culture
has maintained its character, including phage production, for 20 years in this lab-
oratory, when transferred once or twice a week on 2 per cent peptone agar slants
(Northrop, 1939 g, 1951, 1953; Murphy, 1954; Northrop and Murphy, 1956; Northrop,
1957 b, 1957 ¢). Repeated transfer in the steady state apparatus in ASCM results in
the appearance of a fast growing mutant which produces a high proportion of various
clear plaque phages (Northrop and Murphy, 1956).

Repeated transfer in YEP at 25° in the steady state apparatus results in an increase
in T phage and the appearance of about 1 per cent C phage. In this culture the phage-
producing cells are at least one-tenth of the total. The culture cannot be used for muta-
tion rate experiments.

Similar changes in megatherium 899 cultures have been noted by Gratia (1936 ¢)
and by Lwoff, Siminovitch, and Kjeldgaard (1950).
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Repeated transfer in the steady state apparatus at 48° results in a culture which
produces nearly all C phage.

Transfer in calcium-free medium results in a phage-sensitive strain (Lwoff, Simino-
vitch, Kjeldgaard, 1950; Clark and Cowles, 1952). If, as seems probable, the phage-
sensitive strain is 2 mutant of the phage-resistant cells, then the phage-sensitive strain
will overgrow the culture unless it becomes infected or grows more slowly than the
phage-resistant cells.

Changes in the culture, when grown in liquid medium, especially in the steady state
apparatus, are to be expected, since under these conditions any mutant which grows
as fast or faster than the wild cells will overgrow the culture. A mutant growing on solid
medium, on the other hand, cannot overgrow the culture no matter how fast it grows,
and the chances are it will be left behind at the first transfer.

Owing to these changes in the culture, the values of the various constants change
from time to time and hence, the value of the same constant may be different in ex-
periments done at different times. For comparable results the determination of both
terramycin-resistant mutants and phage-producing cells must be carried out at the
same time.

Y-Yellow Mutant Isolated from a Colony Plate of 899 ~This mutant appeared on a
YEP agar plate of 899 colonies July 12, 1956. It produced (3 to 10) X 105 T phage
and (1 to 3) X 10% C + S phage per 10° cells and continued to do so indefinitely as
long as it was transferred on 2 per cent peptone slants. If transferred repeatedly in
YEP it may cease producing terramycin-resistant cells and the number of T and
C + S plaques decrease until eventually only a few very small plaques appear.

Continued transfer in ASCM also resulted in the disappearance of the T and C + S
plaques and the appearance of many very small plaques. If this culture is then trans-
ferred back to YEP, it may produce small C phage only, for some time, but eventually
this disappears and a few very small plaques remain.

Colony analysis of such a culture resulted in ten clones which were phage-resistant,
but produced no phage which could be detected by the KM strain, two clones which
produced small T + C, one which produced a few very small plaques, and two which
were sensitive to C phage.

¥1.—Clone from Y which produced no terramycin-resistant mutants for a short
time.

AC8.—Colony from culture of 899 adapted to ASCM (¢f. Northrop and Murphy,
1956). This strain originally produced about half C + S and half T phages. After
many transfers in YEP, it produced small T only. After standing under oil on a 2 per
cent peptone slant, it produced no phage and was sensitive to phage.

Culture Media

Yeast extract peptone (YEP) (Northrop, 1957 a).

Ammonium sulfate culture medium (ASCM) (Northrop and Murphy, 1956).

All cultures used in these experiments (unless otherwise stated) were in logarithmic
growth at maximum rate. This was obtained as follows. A 10 ml. tube of culture
medium was inoculated by loop and allowed to stand at 25° about 18 hours. Under
these conditions the culture grows rapidly to about (1 X 10%) cells/ml. and then grows
slowly due to lack of oxygen. The culture was then diluted 1/10 and the tubes
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shaken at the desired temperature until maximum logarithmic growth was obtained.
If the maximum growth rate was not obtained before the cell concentration reached
the end of the logarithmic growth region, the culture was diluted 1/10 and grown
up again at the same temperature.

In some series, the culture was grown in the steady state apparatus at constant
maximum logarithmic growth. This method furnished the most reproducible cultures.

Stock Cultures

The stock cultures were maintained in the same culture medium in which the ex-
periments were performed, and transferred by loop every 24 hours to 10 ml. culture
medium in 22 X 175 mm. culture tubes. The tubes were kept at 25°. It is important
that the cells be grown in the same culture medium as that used in the experiment,
since phage production of the cells depends on the medium from which they were
taken, as well as that in which they are growing (Northrop, 1951; Lwoff, 1951).

Ultraviolet Light

The culture was transferred to a 2.5 X 15 cm. quartz test tube and placed in front
of a General Electric germicidal lamp. The culture was stirred continuously by a
stream of air bubbles. Samples were removed as described and shaken at 35° In the
continuous exposure experiments, the lamp was enclosed with a cardboard cover, in
which there was a 2 mm. slit.
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CORRECTION

In Vol. 41, No. 1, September 27, 1957, page 120, in the last line before footnote 1,

aM. 2 dM 2
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