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A method of extraction is described which prevents excessive fragmentation of 
bacterial DNA. The larger bacterial DNA can then be separated from the phage DNA 
on sucrose gradients. The relative amounts of phage and host DNA made at various 
times during infection of Salmonella typhimurium with phage P22 leading to lysogeny 
have been determined. Phage-specific DNA synthesis begins at about 4 minutes, eon- 
tinues to increase for 2-4 minutes, and then decreases until complete repression is at- 
tained at 16 minutes. Autonomous phage DNA synthesis remains repressed from then 
on, Bacterial-specific synthesis proceeds at. a decreasing rate until about 16 minutes, 
when almost complete inhibition is reached. When DNA synthesis recovers in the 
infected cells, only host-specific material is made. A new species of DNA, which is 
made only when phage DNA is synthesized, has been detected. The possible implica- 
tions of these findings in the understanding of the lysogenic interaction is discussed. 

Two sequential repressions in the rate of 
DNA synthesis occur during the establish- 
ment of lysogeny in Salmonella typhimurium 
infected with the temperat,e phage P22 
(Smith and Levine, 1964). The purpose of 
this report is to differentiate the kind of 
DNA, phage or bacterial, synthesized at 
various times during the course of such an 
infection. To accomplish this, advantage is 
teaken of the large size differences of the 
phage and host DNA molecules. A simple 
extraction procedure is described which 
prevents excessive fragmentation of bac- 
terial DNA, enabling the separation of the 
high molecular weight host DNA from the 
smaller phage DNA by zone centrifugation 
&rough a sucrose gradient. 

MATERIALS AND R;IETHODS 

Phage and bacterial strains. The wild-type 
(c+) phage P22 and its sensitive host, X. 
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typh~?~ur~urn LTZ, are used in these 
ments. 

of 

experi- 

Media. (1) Supplemented M-9 (Smith and 
Levine, 1964) ; (2) low phosphorus medium 
(LP medium): Tris 0.07 M pH 7.3, NaCl 
8.5 X 1O-3 M, MgS04 2.5 X 1O-3 A&, NH&l 
0.015 JJ, glucose 0.2%, peptone (Difco) 
0.05% (0.5 mg P/l00 ml), easamino acids 
(Difco) 0.2 % (0.4 mg P/100 ml); (3) sodium 
dodecyl sulfate (SDS), recrystallized from 
95 % ethanol, 25 % w/v; (4) sucrose 5 % and 
20% w/v in 0.01 M Tris, 0.001 il& EDTA, 
pH 7; (5) sali~~e-Ve~ene (SV) 0.1 M NaCl, 
0.1 J& EDTA, pH 7.9; (6) saline-Tris (ST), 
0.145 N NaC1, 0.01 M Tris pH 7.3; (7) 
dilute saline-Tris (DST), 1: 10 dilution of 
ST; (8) saline-Tris-Versene (STV), ST:SV 
= 2O:l; (9) buffered saline (BS), 0.145 1M 
NaCl, 0.0064 iv phosphate buffer, pH 7; 
(10) NaCl4.0 &f. 

Preparation of P3Vabeled phage P,%%‘. 
Salmonella typhimurium LT2 is aerated to 
lo* cells/ml in 100 ml LP medium. One 
millicurie of P32 is added, and immediately 
the culture is infected w&h phage P22 at a 
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multiplicity of l-2. After 60 minutes aera- 
tion, the culture is treated wit,h chloroform 
and bacterial debris is removed by centrif- 
ugation at 6000 rpm for 30 minutes in the 
Servall RC-2 centrifuge. The supernatant is 
aerated free of chloroform and then treated 
for 30 minutes with DNase (5 pg/ml) and 
RNase (50 pg/ml) at 37”. The phage is 
sedimented by centrifugation for 60 minutes 
at 17,000 rpm. The phage pellets are drained, 
gently resuspended in 2.25 ml ST, and added 
to a 5 ml Lusteroid tube containing 2.75 ml 
of 65 % CsCI. The P32-labeled phage is banded 
by centrifugation at 30,000 rpm in t,he SW 
39 rotor for 16-18 hours at 22” in a Spinco 
model L-2 ultracentrifuge. Fractions of 
approximately 0.1 ml are collected through 
the region of the phage band and assayed 
for radioactivity. The phage in the tubes of 
peak radioactivity is combined and diluted 
appropriately with ST to less than 10’ 
cpm/ml. Labeled phage P22 prepared in 
this way gives values of OD,~/PFLJE~ X 
lo-l2 and cpm/PFU~l.O X 10m5. 

Prepa~~t~o~, of ~~-th~~~~~ne-la~e~e~ cells 
and bisection with PWabeled phage. Cells 
are aerated at 37” in 5 ml supplemented M9 
to a concentration of approximately 5 X 
10’ cells/ml. To this is added 0.05 ml H3- 
thymidine (14.2 c/mmole, 1 me/ml). After 
2 minutes further aeration, labeling is 
stopped by addition of 10 mg of unlabeled 
thymidine. The entire sample is quickly 
pipetted onto crushed ice in a Millipore 
filter funnel and filtered at a rate of 1 ml 
per minut,e through a 25-mm Millipore HA 
filter (0.45-p pore size). The funnel and filter 
are washed three times with 2-ml aliquots 
of cold BS. The filter is then added t,o an 
aeration tube containing 5 ml BS plus 
thymidine at a concentration of 100 fig/ml, 
and the cells are resuspended by agitation 
with a Vortex mixer. Labeled phage is added 
at a multiplicity of 20. After 5 minutes 
adsorption, the infected complexes are 
filtered as described above, washed with 2 
ml SV, and resuspended in 0.5 ml STV. 
DNA extract,ed from these complexes 
serves as the control (Fig. 1A). 

Pulse feeling of DN.A ~nt~s~~~ during 
the course of in&&m. Log phase cells are 
aerat,ecl at 37” in supplemented &I9 to a 

~OK~cer~t~ation of 5 X lo7 cells/ml. Labeled 
phage is added to a multiplicity of 20 at 
zero t,ime. A 5-ml aliquot is immediately 
witlhdrawn to an aeration tube containing 
0.05 ml Fi”-thymidine (14.2 c/mmole, 1 
me/ml) at 37”. At 2 minutes labeling is 
st’opped by adding 10 mg thymidine and 
immediat~ely pipetting the entire aliquot 
onto crushed ice and filtering as described 
above. After three 2-ml washes wit.h SV, 
the infected complexes are resuspended in 
0.5 ml STV. Addit,iollal 5-ml aliquot,s are 
pulsed with H3-thymidine at intervals as 
indicated in Fig. 1. 

DNA extraction procedure. A 0.3-ml ali- 
quot of the differentially labeled complexes is 
added to 0.03 ml of 25 % SDS in a small 
glass-stoppered tube and placed in a 65’ 
water bath for 10 minutes. The resulting 
almost clear lysate is gently mixed by tilting 
the tube at frequent intervals. The salt 
concentration is then increased to 1.0 M by 
addition of 0.1 ml 4.0 M NaCl. A slight 
precipitate quickly dissolves on further 
gentale mixing as incubations is continued for 
an additional 10 minutes. The t,ube is then 
removed and diluted immediately with 2.0 
ml DST. Mixing is achieved by repeatedly 
inverting the tube without shaking. The final 
dilution step achieves three important 
things: (1) It prevents precipitation of pro- 
teins as the temperature is lowered. (2) It 
decreases the density of the solution below 
that of 5% sucrose so that layering on a 
sucrose gradient is possible. (3) It dilutes 
the extracted DNA below 1 fig/ml so that 
aggregat,io~~ between DNA molecules (Burgi 
and Hershey, 1963) and/or r~~ciat,ion 
with proteins is minimized. The crude DNA 
preparations should be kept at room tem- 
perature. Sucrose gradient patterns remain 
reproducible for at least 2 weeks, indicating 
considerable stability and freedom from 
nuclease activity. 

Zone sedkentation on sucrose gradients. 
Linear 5-20% sucrose gradients are pre- 
pared in j-ml tubes using 2.4 ml of 20% 
sucrose in t,he mixing chamber and 2.4 ml 
of 5% sucrose in t-he adjoining chamber 
(Britten and Roberts, 1960). Over a 15-20- 
second period, about 0.12 ml of the DNA 
extract is drawn up into a calibrated poly- 
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FIG. 1. Separation of the kinds of DNA synthesized at various times during infection leading to 
lysogeny in the phage P22 Salmonella typhimurium system. O-O-O represents the Paz-labeled DNA 
introduced with the parental phage. e-0-0 represents the H3-labeled DNA synthesized during the 
various pulse treatments with 1~3.thymidine. See text for details. 



ethylene tubing (Clay-Adams, Inc., PE 240, 
I.D. 0.066 inches) connected to a l-ml 
screw-type automatic syringe by manually 
operating the screw adjustment. The vol- 
ume is delivered onto the gradient, surface 
at the same rate. All operations are at room 
temperature. 

Zone sedimentation is carried out, in the 
Spinco model L-2 ultracentrifuge using the 
SW 39 rotor. The preparations are spun at 
35,000 rpm for 90 minuLes at a rotor tem- 
perat,ure of 25”. Approxirl~ately 35 ten-drop 
fra~t~ions are collect~ed from the bottonl of 
the centrifuge tube by needle puncture 
(Szybalski, 1960). 

Assay of fractions from sucrose gradients. 
To each fraction is added 0.3 ml of salmon 
sperm DNA at 250 @/ml. The tubes are 
placed on ice and 0.2 ml of TCA (17 % 
w/v) is added. Aft,er at least 30 minutes, each 
precipitated fraction is collected and washed 
with cold water on Millipore filters to re- 
move any radioact,ivity not incorporated 
int,o DP\TA. The dried filters are placed in 
vials coiltaining 10 ml scintillation nl~iurn 
(toluene, 1 lit,er; PPO, 5 g; POPOP, 100 
mg) and counted in a Tri-Carb scintillation 
spectrometer. Recoveries from the sucrose 
gradient are approximately 60 % for host 
DNA and 90% for phage DNA of the total 
layered on the gradient. 

The following factors in the procedure 
seem critical for successful separations. (1) 
The use of elevated temperaWe is necessary 
to produce clear lysates. Poor banding occurs 
from the turbid lysates produced at lower 
temperature. (2) DNA extra&s yield the 
most consistent results if allowed t,o stand 
at least 18-24 hours at, room temperature 
prior to sedimentation in sucrose. This 
presumably allows disaggregation of DNA 
molecules. (3) Cell concentrations should 
not significantly exceed those described, or 
DNA aggregation may result in hetero- 
geneous banding and/or sedimentation to 
the bottom of the tube. (4) Centrifugation 
at 25” is essential to good banding in sucrose. 
Cetltrifugation at. 4’ gives a visible precipi- 
tate and sedinlel~tatioll to the bottom of the 
tube of most of the labeled DNA. 

A typical control separation of phaA. 
DXA from cell DNA is shown in Fig. lge 
Phage DXA bands with a sharp symmetrical 
peak at fraction 23. Bacterial DNA gives a 
broader band reaching its peak in fraction 
15. There is some tailing of the bacterial 
DNA band, but the area of overlap with the 
phage DNA curve is usually not greater 
than 10%. The curves in Fig. IA serve as 
references for further comparisons. 

Only bacterial DNA is synthesized during 
the first 4 minutes of the infection (Fig. 
1B and 1C). Somewhat less bacterial DNA 
is made during the 2- to $-minute interval 
than in the first 2 minutes. Bacterial DNA 
continues t,o be synthesized during the 4-6 
minute pulse, but 2 additional species of 
DNA appear (Fig. 1D). One of these is 
clearly a peak of newly synthesized phage 
DNA. The second is a new species which 
bands between the bacterial and phage 
peaks. All 3 types of DTU’A are synthesized 
through the 6- t,o g-minute interval (Fig. 
lE>, phage DNA being the major type pro- 
duced. From 8 t,o 10 minutes, all 3 types con- 
tinue to be made (Fig. lF), but t,he total 
amount, of label fixed decreases sharply. 
Relatively little DNA is synthesized from 
10 to 12 minutes (Fig. lG), but most of it 
appears to be bacterial. The synthesis of 
all three types of DNA is inhibited in the 
16- to l&-minute interval (Fig. 1H). From 
this time on DNA synthesis recovers, but 
only bacterial DNA is made. The synthesis 
of phage DNA and the new species which 
moves in an interme~~te position in the 
gradient remains repressed (Fig. 11, 1J). 

In addition, it should be noted that some 
of the parental P32-labeled phage DNA 
undergoes progressive movement from the 
phage peak to the bacterial peak. This 
movement begins at the 8th minute and is 
complete by the 16th minute. 

DISCUSSION 

A unique pattern in the rate of DNA 
synthesis is observed in infection leading to 
lysogeny (Smith and Levine, 1964). Im- 
mediately on irlfection, a drop in the rate of 
DNA synthesis occurs which continues 
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until about 3 minutes. The rate of synthesis 
then rises, reaching a peak at 6 minutes, 
when another inhibition of DNA synthesis 
sets in. This repression persists until 16 
minutes, at which point the infected com- 
plexes show a 90% inhibition in the rate of 
synthesis as compared to uninfected control 
cells. The rate of DNA synthesis then in- 
creases until at about 45 minutes it parallels 
the rate of uninfected control cells. At this 
time the infected cells begin to divide to 
produce lysogenic progeny. 

In part, this pattern is under the control 
of two phage genes (Smith and Levine, 
1964). This conclusion derives from devia- 
tions from this pattern in cells infect’ed with 
phage mutants cl and ~2. These phages are 
virulent mutants unable to give lysogeny, 
but they cause cell lysis and liberation of 
progeny phage (Levine, 1957). Mutants of 
the cl class do not show the inhibition of 
DNA synthesis at 6 minutes. The rate of 
phage DNA synthesis continues to rise 
past 6 minutes, giving lysis and free phage 
at 25 minutes. On the other hand, c2 mutants 
show the 6-minute inhibition, followed by 
massive synthesis of phage DNA starting at 
16 minutes and lasting until the end of the 
latent period at 50 minutes. The functions 
of the cl and cp loci are interpreted as sequen- 
tial repressions of autonomous phage replica- 
tion in cells producing lysogenic progeny. 
Studies involving temperature-sensitive cl 
and c2 mutants substantiate these conclu- 
sions (Levine and Smith, 1964). 

The data presented in this paper measure 
directly the relative amounts of phage and 
host DNA synthesized during a c+ infection. 
Phage DNA synthesis starts at about 4 
minutes, reaching a peak during the 6- 
to g-minute interval. A progressive decrease 
in the amount of phage DNA synthesized 
follows, until complete repression is reached 
at 16 minutes. Phage DNA synthesis re- 
mains repressed when the synthesis of DNA 
recovers after the 16- to 18.minute interval. 
These findings confirm our earlier conclu- 
sions that the cl locus initiates the repression 
of phage DNA synthesis and that the cz 
locus maintains the repression (Smith and 
Levine, 1964; Levine and Smith, 1964). 

Bacterial DNA continues to be synthe- 
sized through the early stages of the infection, 
at what appears to be a decreasing rate, 
reaching almost complete inhibition by 16 
minutes. The recovery of DNA synthesis 
after 16 minutes in infections leading to 
lysogeny is accounted for entirely by the 
synthesis of host material. The genetic 
control of the repression and subsequent 
release of host DNA synthesis remains in 
question. The possibility that the control 
of host synthesis resides in the phage genome 
is being explored. 

The unexpected finding of a new peak of 
DNA which moves somewhat faster than 
phage DNA is of particular interest. This 
material is synthesized only during the 
interval in which phage DNA is made, sug- 
gesting that it is a new form of phage DNA. 
Circular forms of phage X DNA have been 
reported to sediment somewhat more rap- 
idly than linear forms (Hershey et al., 1963; 
Young and Sinsheimer, 1964). Campbell has 
suggested that integration of the X prophage 
proceeds through a circular form of X DNA. 
The material in the new peak could be an 
integrative form. The observed movement 
of input parental phage P32 label from the 
phage peak into the bacterial peak also sug- 
gests that some integration of phage genetic 
material into the host genome occurs around 
the 16th minute of t’he infection. That most 
of the Ps2 label transfer to the host peak 
occurs during the interval of maximum 
repression of DNA synthesis strongly sug- 
gests that this is not due to simple break- 
down and reincoorporation. These findings 
are currently being studied. 
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