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P22-mediated generalized transduction in S. typhimwiwn occurs in both sensitive 
and lysogenic recipient bacteria, but the efficiency of transduction is significantly 
higherinsensitivecells t.han in wild-type P22 lysogens. This reduction in the efficiency 
of transduction is under the control of the prophage sieA gene; this gene is also 
responsible for the exclusion of superinfect,ing phage. Experiments with purified 

radioactive transducing particles demonstrate that exclusion of transducing particles 
in a sic+ lysogen occurs at some step after the adsorption of transducing particles to 
the cell. This exclusion can be partially overcome by infection of the sic+ lysogen 

with large numbers of nontransducing phage in addition to the purified transducing 
particles. 

INTRODUCTION 

The term “transduction” was first intro- 
duced by Zinder and Lederberg in 1952 to 
describe the ability of “filtrable agents” to 
transfer hereditary traits from one strain of 
bacteria to another. These early experiments 
were performed with P22-sensitive recipients 
and P22 wild-type transducing bacterio- 
phage; under these conditions most trans- 
ductants were found to be lysogenic for P22. 
In 1955 Zinder reported that transduction 
could also be carried out on cells which were 
lysogenic for P22 but that the efficiency of 
transduction (i.e., number of transductants 
obtained per phage added) was significantly 
lower in these lysogens than in the sensitive 
parents; this lower efficiency was observed 
when transducing lysates were prepared from 
either wild-type or “virulent” phages. The 
results presented in this paper demonstrate 
that this reduction in the efficiency of trans- 
duction is under the control of the prophage 
sic+ gene. 

Wild-type phage P22, when present as a 
prophage in Salmonella typhimurium LT2, 
exhibits a property ca.lled superinfection ex- 
clusion (sic+) which has been described by 

Walsh and Meynell (1967) and Rao (1968). 
This exclusion property is unique to P22 and 
differs from the immunity repression com- 
mon to temperate bacteriophages (Calen- 
dar, 1970). For example, in E. coli cells lyso- 
genie for phage h, superinfecting phage of 
the same immunity as the prophage are pre- 
vented from growing due to the presence of 
an immunity-specific repressor in the cell 
whiIe superinfecting phage having an im- 
munity different from that of the prophage 
can carry out a normal infection. Although 
P22 has an immunity repression system 
similar in some ways to that of X, neither 

homoimmune nor heteroimmune bacterio- 
phage can grow in cells lysogenic for wild- 
type P22. Wild-type P22 lysogens thus have 
an additional mechanism of excluding super- 
infecting phage which is not immunity 
specific; the role of the prophage in this ex- 
clusion became evident when mutants of 
P22, called P22 sie-, were isolated. Lysogens 
of these mutant phages are still immune to 
P22, but they do not exclude virulent P22 or 
a number of heteroimmune phages (Rao, 
1968). 

In this paper we show that the exclusion 
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system defined by Rae’s sic- mutants is also 
responsible for the inhibition of transduction 
into P22 lysogens. Since the data indicate 
that generalized transducing particles con- 
tain primarily bacterial DNA, it would 
appear that the sief exclusion is quite non- 
specific to the nature of injected DNA. 

A more complete analysis of the genetic 
elements responsible for superinfection ex- 
clusion by P22 prophage is presented in the 
following paper (Susskind et al., 1971). 

MATERIALS AND METHODS 

Bacteria. The following strains of Sal- 
monella typhimurium were used: DB21, a 
prototrophic strain of LT2; DB25, a thy- 
mine-requiring derivative of DB21 (Botstein 
and Matz, 1970) ; PV78 hisD23metC30 
gaZ50purC213 was kindly supplied by Dr. B. 
Magasanik; the lysogens PV78 (P22 sie+m3) 
and PV78 (P22 sielm,) were made from 
PV78. 

Bacteriophages. The following P22 phage 
strains were used (see also Susskind et al., 
1971) : P22 sie+m3 , called hereafter wild-type 
P22; P22 .&elm3 , a derivativeof a nonexclud- 
ing mutant isolated by Rao (1968) ; P22 
m3c25hzl a clear mutant carrying the morpho- 
logical markers m3 and hzl (Levine and 
Curtiss, 1961) ; P22 clgtsl9.1, a clear mutant 
phage which is temperature-sensitive for 
lysis and continues to make phage late in 
infection at the nonpermissive temperature 
of 39”. 

Media. LB broth (1% Bacto-tryptone, 
0.5 % yeast extract, 0.5 % NaCI, pH 7.0), 
lambda agar (1% Bacto-tryptone, 0.25 % 
NaCI, 1.1% agar), and soft agar (0.8% nu- 
trient broth, 0.5 % NaCl, 0.65 % agar) were 
the complex media used. 

Ozeki-minimal agar (Oeeki, 1959) supple- 
mented with 0.2 % glucose or 0.2 % galactose, 
1 pg/ml thiamine HCl, and 20 pg/ml of ade- 
nine or ammo acids where appropriate was 
used to plate for transductants. Minimal top 
agar (0.7 % agar, 0.8 % NaCl) was also used 
in some cases when plating was done by the 
overlay method. 

Buffered saline (0.85 % w/v NaCl, 0.066 
M-phosphate buffer, pH 7.1) was used to 
resuspend phage which had been purified by 
centrifugation. 

Dilution fluid (0.1% Bacto-tryptone, 
0.7 % NaCl) was used for all phage and bac- 
terial dilutions. 

Minimal medium supplemented with 
casein hydrolyzate (LCGBO) is described by 
Botstein (1968). 

Density-labeling minimal medium used to 
prepare purified transducing particles con- 
tains: 0.1 M-Tris (pH 7.4), 0.011 M 15NH&1, 
2.5 X 1O-3 1M MgS04 , 0.012 M NaCl, 0.2 % 
(w/v) glucose, 20 &ml phosphorus (as 
phosphate), 10 pg/ml thymine in DzO 

Chemicals. DzO (99.1-99.8% pure) and 
16NH&I (99% pure) were obtained from 
BioRad, Richmond, California. Thymine- 
methyl-3H was obtained from Schwarz/ 
Mann, Orangeburg, New York. Acid-hydro- 
lyzed casein (vitamin and salt free; 10% 
solution) was obtained from Nutritional Bio- 
chemical Co., Cleveland, Ohio. Lysozyme 
(3x crystallized, Grade 1) was obtained 
from Sigma, St. Louis, Missouri. 

Bacteriophage lysates. Phage stocks were 
generally grown on DB21. Cells were grown 
in LCGBO with shaking at 39” to a density of 
2 X lO*/ml. Phage were then added at 
m.0.i. = 5, and incubation continued 
either until the infected cells lysed or, in the 
case of cells infected with P22 c&19.1, for 2 
hr, when lysis was effected by treatment of 
the infected cells with lysozyme (1 mg/ml) 
and EDTA (0.01 M) for 15 min followed by 
CHCI,. Phage lysates were purified and con- 
centrated by differential centrifugation and 
resuspended in buffered saline. 

The temperature of 39” was selected for 
phage growth because it was noted that 
lysates made at lower temperatures con- 
tained fewer transducing particles per 
plaque-forming unit; a comparison of two 
otherwise identical lysates, with one grown 
at 25” and the other at 39”, showed that the 
former had a IO-fold lower ratio of transduc- 
ing activity to plaque-forming units than the 
high temperature lysate although the burst 
size in both cases was approximately the 
same. 

Transducing particles. Density-labeled 
transducing particles were prepared rela- 
tively free of vegetative phage by the follow- 
ing procedure: DB25 was grown overnight 
at 37” in heavy minimal medium containing 
10 pg/ml thymine and thymine-methyl-3H 
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at a specific activity of 13 &i/pg thgmine. 
Under these conditions, a doubling time of 3 
hr was normal. When the culture reached a 
density of 5 X lo8 cells/ml, unlabeled 
tllymine in DzO n-as added to the culture (to 
:I final concentration of 400 pg/ml) and 
grow-th \vas allowed to continue for 15 min. 
1% 7tz3~qh21 phagc were then added at a 
m.o.i. (multiplicity of infect,ion) of 5 phage/ 
cell and 2 min later NaCN (2 X 10e3 M) was 
added to the culture in order to inhibit 
fllrt~her DNA replication. Adsorption was 
int,errupted 10 min later and the infected 
cells were filtered on Millipore filters 
(GSWP04700), washed well with dilution 
fluid, and then resuspended in prewarmed 
LCG20 containing 200 pug/ml cold thymine. 
Cells were incubated with shaking at 39” for 
150 min and then lysed with CHCl3 . Phage 
were purified by centrifugation as described 
by Botstein (1968). Transducing particles 
were purified away from plaque-forming 
units by repeated preparative CsCl equilib- 
rium density gradient centrifugations. 
Figure 1 shows t’he density profile of the 
initial CsCl density gradient; Fig. la shows 
the distribution of the biological activity in 
jt,he gradient, and Fig. lb shows the distribu- 
Iion of 3H counts. It, can be seen that trans- 

E 

u&g particles prepared as above have an 
verage density of 1.524 g/ml while plaque- 
orming activity has the normal density for 
‘22 of 1.507 g/ml; these two types of 

particles can therefore be separat#ed from 
bne another. One can thus prepare density 
labeled radioactive transducing particles, 
containing only host DNA made prior to 
infection ; t,hese are essentially free of 
vegetative phage. These transducing par- 
ticles will be referred to as purified trans- 
ducing particles. 

Transducing particles used in the experi- 
ments described in Tables 2 and 3 were 
prepared as above, but at a specific activity 
of 2 rCi,/pg thymine. 

Transduction procedure. PV78 or one of its 
lysogenic derivatives was grown at 38” in 
LB broth to a density of 24 X lo* cells/ml. 
One-milliliter aliquots of cells were added to 
0.1 ml samples of phage and adsorption was 
allowed to occur for E-20 min at this same 
temperature without shaking. Samples were 
then dilut#ed appropriately and plated for 
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FIG. 1. CsCl equilibrium density gradient of 
density-labeled, radioactive transducing particles. 
Density-labeled transducing particles were pre- 
pared as described in Methods; the initial lysate 
was run on a preparative CsCl density gradient for 
24 hr at 22,000 rpm in a Spinco SW 39 rotor 
(25°C). Three-drop fractions were collected into 
0.4 ml of buffered saline from a puncture in the 
bottom of the tube and analyzed for biological 
activity (Fig. 1A) and radioactivity (Fig. 1B). 
Transducing activity was determined as described 
in Methods using PV78 (sielmr) as the recipient 
and plaque-forming activity was assayed as de- 
scribed by Adams (1959) using DB21 as indicator 
bacteria. (a) O--O, PFU/ml; O-O, his+ trans- 
ductants/ml, O--O, gal+ transductantsjml. (b) 
Radioactivity was assayed by counting 50-~1 ali- 
quote from each fraction on a scintillat,ion coun- 
ter. o-0, [3H] cpm. 

complete transductants to either his+, gal+, 
or pur+. Transductants were scored after 48 
hr incubation at 37”. 

In order to be able to score transductants 
of nonlysogenic PV78, antiserum was added 
to the selective plates; since the transducing 
lysates were made from a clear phage, anti- 
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serum is needed to protect cells from phage 
growing on the plate. After adsorption of 
phage to PV78, the culture was diluted and 
an aliquot of cells was added to 2.5 ml of 
minimal top agar containing anti-P22 serum 
at K = 20 min-l. This agar was then 
poured onto a selective minimal agar plate, 
and incubation and scoring were as described 
above. 

Anti-P22 serum. Antiserum against P22 
was made as follows: 0.5 ml of P22 c&l , 
which had been purified on a CsCl density 
gradient and resuspended at 2.5 X 10” 
phage/ml in buffered saline, was injected 
intramuscularly into a rabbit at 3-day 
intervals over a 3-week period. The rabbit 
was bled 5-7 days later. The blood was 
allowed to clot and the serum was adsorbed 
against DB21 in order to eliminate any anti- 
bodies against S. typhimurium. The cells 
were centrifuged out and the serum was 
sterilized by filtration through a Millipore 

filter. Serum is stored in 0.5 ml aliquots at 
-20°C. K values range from 200-300 min-l 
(Adams, 1959). 

RESULTS 

Effect of Superinfection Exclusion on 
Transducing E@ienc y 

An investigation into the effects of super- 
infection exclusion on transduction was 
undertaken following the publication of 
Rao’s (1968) paper on the isolation of 
mutants which did not exclude hetero- 
immune phage. Our observations clearly 
show that this prophage-controlled sic+ 
function is also responsible for the reduction 
in the efficiency of transduction which 
Zinder (1955) had earlier described. Com- 
pared to either sensitive or P22 sic- lysogens, 
cells lysogenic for P22 sief show a very much 
reduced efficiency of transduction. 

A series of parallel transduction experi- 

MULTIPLICITY OF INFECTION (PFU adsorbed/viable cell) 

FIG. 2. Effect of phage multiplicity on the formation of his + transductants. Transducing lysates 
of P22 c&19.1 were grown on DB21 and phage (0.1 ml) at the appropriate dilution were added to 
0.9 ml cells. Following adsorption (15 min at 39”), infected cells were plated for his+ transductants. 
Transductants of PV78 were plated in the presence of anti-P22 serum as described in Methods. Open 
and filled symbols represent the results of two experiments. A-A, A-A, PV78 (sielma) as 
recipient; O-0, m-0, PV78 as recipient; O-0, g+ PV78 (sie+& as recipient. 
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merits using a clear mutant of P22 were 
carried out on three kinds of recipient cells: 
I’V78, PV78(si&+~z~), and PV78(sie1v7z3). 
Transductions were performed at adsorbed 
multiplicit,ies of infection ranging from 0.01 
phagr,/cell to 20 phage/cell. The results of 
two such experiments are shown in Fig. 2 
and can be summarized as follows: 

1. Transduction of PV7S for his+ is 
roughly linear wit’h phage multiplicity up to 
m.o.i. = 1; multiplicities of infection greater 
than 1 kill the sensitive cells even in the 
presence of antiphage serum on the plate. 
One cannot assay lysates of clear phage for 
t)ransducing activity above this mult’iplicity 
in the sensitive host. 

2. Transduction into a wild-type lysogen 
[PV78(sie+nz3)] is very different and confirms 
Zinder’s observation that the efficiency of 
transduction in a wild-type lysogen is lower 
than that found in a nonlysogen. At low 
multiplicities of infection, no his+ trans- 
ductants were observed above background 
while at higher multiplicities of infection 
(2 1) stable transductants were found but at 
lower levels than those found with the 
sensitive host’ or the sic- lysogen. In addi- 
tion, the number of t,ransductants formed in 
a (sic+) lysogen is not linearly related (i.e., 
t’he log-log slope is greater than 1) to the 

t: 
hage input as is the case with transduction 
f a sensitive recipient. 
3. Transduction of PV78 (sielmJ for 

his+ is linear with number of phage up to 
m.0.i. = 10 and occurs with an efficiency 
which is slightly greater than that found in 
the nonlysogen. This demonstrates that one 
can transduce a sic- lysogen at efficiencies 
comparable to those obtained with sensitive 
recipients. 

It is clear from these results that a pro- 
phage-controlled function (sic) is responsible 
for the exclusion of his+ transducing par- 
ticles. It should be noted that these sic- 
mutants were obtained by selecting for 
nonexclusion of phage (Rao, 1968). 

In order to make certain that this sie+- 
controlled exclusion of transducing particles 
was not limit,ed only to particles carrying 
the his+ genes, transductants for pur+ and 
gal+ were also scored in another experiment. 
The results of this experiment are shown in 
Table 1 and indicate that exclusion extends 

TABLE 1 

TRANSDCXTIO;~ FOR his+, gal+, AND pur+ IN 
sic+ ~\ND sic- P22 LYROGENE? 

Transductants,‘ml 

Mult~licity ___ ____ 

transducing his+ I 
gal+ ptN+ 

&w 1 .~ _______--- 

sic- ) si” ( sic I sief G+i” 

I 

None 25’ 251 <5’ <5’ <5 <5 
0.1 : 810 501 35 <51 -~- <5 
1.0 I 9,500 140’ 780 15’ 500 <5 

10. 60,000 7050 10,600, 1100 5000 1000 

a The donor phage cltsl9.1 were grown on 
DB21 (prototroph) as described in Methods. 
Multiplicities of infection (m.0.i.) are not cor- 
rect,ed for adsorption; in all cases 0.1 ml of phage 
was added to 0.9 ml of recipient cells at 2 X lO*/ 
ml in LB. 

to these other markers as well. In all t,hree 
cases, and at all multiplicities of infection 
examined, the level of transduction obtained 
with a sief lysogen is depressed. In spite of 
this general depression of transduction, the 
relative frequencies of transductant,s for 
the t,hree markers were approximately the 
same in all cases examined; that is, in both 
PV78(sielm3) and PV78(sie+m3) t#here were 
consistently more his+ transductants than 
gal+ or pur+ transductants and slightly 
more gal+ than purf transductants. This 
pattern has repeated itself in other lysatcs, 
but, its origin is not completely understood; 
this pattern could reflect either differences 
in the frequencies of different transducing 
particles in the lysates or differences in the 
probabilit(ies of integration of various mark- 
ers once inside the bact#erial cell. 

Effect of Superinfection Exclusion on Tram- 
duction with PuriJied Transducing 
Particles 

In the foregoing experiments transduction 
has been examined using lysates which co11- 
tain an excess of viable phage in addition to 
the transducing particles. In order to 

determine whether these viable phage 
affect bhe exclusion of transducing particles 
by sic+ lysogens, t,ransducing particles were 
purified and tested for their capacity to 
transduce sic+ lysogens. Since the purified 
transducing particles were radioactive, it 
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was also possible to assay directly for their 
adsorption. Our results indicate that the 
sic* system is capable of excluding trans- 
ducing particles at some step after adsorp- 
tion and that this exclusion occurs in the 
absence of simultaneous phage infection. 

Purified transducing particles were pre- 
pared as described in Methods. These 
transducing particles contain only bacterial 
DNA which was synthesized prior to phage 
infection and hence was radioactive and 
density labeled. An examination of the DNA 
extracted from these transducing particles 
reveals that this transducing DNA has an 
average density which is similar to that of 
the DNA of the host from which the particles 
were isolated; an upper limit on the amount 
of newly synthesized DNA encapsulated in 
transducing particles can be set at 6 % of the 
total transducing DNA (data not shown). 

In an unpurified lysate there is approxi- 
mately one his+ transducing particles per 
2 X lo4 plaque-forming units while in a 
purified lysate there are 20 his+ particles 
per plaque-forming unit. It is generally 
difficult to assess the total number of trans- 
ducing particles in a lysate due to the exis- 
tence of abortive transductants, which con- 
stitute about 90% of all transductants 
(Stocker et al., 1953), and to individual 
marker differences in transducing fre- 
quencies. However, with stocks of purified 
transducing particles one can make an 

estimate on the basis of specific activity 
calculations. This calculation requires t#hnt 
one know the specific activity of the bsc- 
terial DNA at the time of infection (2 PCi 
thymine-methyl-3H/Lcg thymine), the size 
of the DNA in transducing particles (27 X 
lo6 daltons) and that transducing particles 
contain unreplicated host DNA. The purified 
lysate used in this experiment had about 
2 X 1OW [3H] cpm/particle, lo5 [3H] cpm/ml, 
and therefore about 5 X lOlo transducing 
particles per ml. 

PV78(sie+m3) and PV7S(sielm3) were in- 
fected with these purified transducing 
particles at several concentrations of par- 
ticles, arranged so that most cells received 
transducing particles unaccompanied by 
viable phage. After 20 min at 39”, aliquots 
of each culture were assayed for his+ 
transductants and for [3H]-counts adsorbed 
to the cells. The results (Table 2) show that 
in all cases the ratio of his+ transductants to 
cpm adsorbed was reduced more than lOO- 
fold in sief lysogens compared to the sie- 
control. The exclusion system therefore does 
not act by preventing adsorption of trans- 
ducing particles to the cell, but rather at 
some later step in the transduction process. 
Since the effect of the sief character on 
transduction is still observed with 
transducing particles, the expression of 
exclusion system can in no way depend Q 
simultaneous phage infection. On the 

TABLE 2 

EXCLUSION OF PURIFIED TRANSDUCING PARTICLEV 
I 

Volume 
added Number of 
#/ml particles/ 

recipient cellb 
cells) 

sic- 

Transduction Absorption Ratio Transduction ?bsord 

h&+/ml pur+/ml cpm/ml his+/cpm h&/ml pur+/ml cpm/ml his+/cpm 

5 0.7 43,500 4,720 150 290 0 0 240 - 
20 2.8 211,000 24,600 920 230 160 10 738 0.22 
50 7 543,000 50,700 2240 240 250 30 2020 0.12 

= Exponential cultures of PV78(sie+ms) and PV78(sielma) at 3 X 108/ml were infected with purified 
transducing particles for 20 min at 39”. One-milliliter samples were centrifuged, washed once with dilu+ 
tion fluid, and resuspended in 1 ml of dilution fluid. A fraction of the sample was used to assay transduc- 
tants, and another fraction (200 ~1) was counted in a scintillation counter. Samples were counted for 
5 min 3 times; all values represent at least twice background (about 50% of the total added counts 
were recovered). Transduction values have been corrected for his+ and pur+ revertants (about 2l!l 
his+/ml and 0 pur+/ml) . 

b Calculated as described in the text. In no case was the number of viable phage/cell greater than 
1 x lo-‘. 



I5XCLURION OF TRANSI>UCIN(: l’AI~TICLI~:S (i:ij 

t,rary, as shown below, simultaneous phage 
infectSion tends to reduce the level of exclu- 
sion of the transducing particles. 

Eject of Nontransducinn Phaye on Trans- 
duction Frequency in sief and sie- 
1, yso~qens 

The nonlinearit), of response observed 
when a sief lysogen was transduced with 
increasing numbers of phage particles (Fig. 
2) suggestred that, the sief lysogen was be- 
coming increasingly susceptible to trans- 
duction as the total number of particles 
infect,ing the lysogen was increased. In 
order t,o t,est the possibility that the exclu- 
sion of transducing particles depends on the 
tot’al particle multiplicity in an infected cell, 
an experiment was performed in which addi- 
t’ional phage, free of assayable transducing 
activity (called “helper” phage), were added 
to the transducing lysate to raise the total 
particle multiplicity per cell. PV78(sielm3) 
and PV7X(sie+m3) were infected with purified 
transducing particles (m.o.i. = 0.5 particle/ 
cell) toget*her with helper phage at several 
concentrations (m.o.i. 0, 5, 10, 20, 50). After 
adsorpt,ion, infected cells were assayed for 
survival, h.is+ transductants, and unad- 
sorbed phage; the results of this experiment 
are given in Table 3. 

Addition of helper phage had no effect on 
transduction in the sic- lysogen while the 
addit,ion of helper phage did markedly 
increase the transducing efficiency in the 
sic+ lysogen. In no sample, however, did t’he 
number of his+ transductants formed in the 
s?‘e+ IJrsogen reach the level found in the 
sic- lysogen; at, most, one-fourth the 
expected number of his+ transductants are 
formed in the sic+ lgsogen. It can be con- 
cluded that the syst,em which is responsible 
for the exclusion of transducing particles is 
affected by the total number of particles 
infecting t)he cell. Nevertheless, the data 
suggest that exclusion cannot be completely 
overcome simply by the addition of extra 
infecting particles. 

The magnitude of this effect is adequate 
t#o explain t,he nonlinear response observed 
when sic+ lysogens were transduced by a 
mixture of phage and transducing particles 
(l>i.g. 2). 

0 
5 

10 
20 
50 

sic 

his+ 
trans- 

Survival ducta;&/ 

1 63,000 1 280 0.004 
0.9 48,000 0.9 450 0.009 
0.7 45,000 1 3000 0.07 
0.7 37,000 0.9 9200 0.25 
0.2 61,000 0.6 4300 0.07 

si,’ 

his+ 

aie. ‘,ze 

a Particles were purified as described in the 
Methods. Helper phage (cz~z~) were grown on PV 
78, t,he recipient, and contributed fewer than 10 
transdnctants/ml (sic-). Recipient cells were 
grown in LB to 4 X lOS/ml, centrifuged and resus- 
pended in LB. Adsorption of mixtures of trans- 
ducing particles plus helper was carried out at 
39” for 20 min. The cells were plated immediately 
thereafter for survival and transduction. 

h Corrected to lOOo/;, cell survival. 

The experimental result)s may be sum- 
marized as follows: 

1. Exclusion of transducing part#icles in 
wild-type P22 lysogens is under the control 
of the prophage sic+ gene. Cells lysogenic for 
P22 sic+ have lower transducing efficiencies 
than either sensitive cells or cells lysogenic 
for P22 sic-. It should be noted that this 
exclusion is not absolute: complete t,rans- 
ductants are formed in P22 siei lysogens. 

2. The exclusion of transducing particles 
can occur in the absence of superinfecting 
viable phage. Transducing particles which 
have been purified away from viable phage 
are excluded by sic+ lysogens. 

3. Exclusion interferes with t,he trans- 
duction process at some step after t,he 
adsorption of transducing particles to the 
cell. Experiments xvith purified, radioactive 
transducing particles demonstrate t,hat t,llc 
formation of transductant,s per [“HI cctuntS 
adsorbed is 1000.fold lower in a sia+ lysogen 
than in a sic- lysogen. 

4. The sic+ system responsible for t#he 
exclusion of transducing particles is affected 
by t,he tot,al number of part,icles infect,ing the 
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cell although it cannot be completely over- 
come simply by the addition of up to 50 
extra infecting particles (i.e., helper phage). 

Transducing particles were prepared from 
cells whose DNA was density labeled. Since 
these particles were formed in unlabeled 
medium, but nonetheless contain fully 
labeled DNA, only a very small proportion 
(at most, 6%) of the DNA in these particles 
could be phage DNA. Thus the exclusion by 
sic+ lysogens is nonspecific in the sense that 
nonphage (transducing) DIVA is excluded. 
Superinfection exclusion also affects the 
efficiency of abortive transduction (Ozeki, 
1956). In abortive transduction, the trans- 
ducing DNA does not recombine with the 
bacterial chromosome; it can function in the 
transduced cell but, since it does not repli- 
cate, it is transmitted linearly to progeny 
cells. Transducing particles responsible for 
the two types of transduction events are 
indistinguishable (Sheppard, 1962). Ozeki 
(1956) found that the ratio of abortive to 
complete transductants was the same for a 
given marker in sensitive celis and P22 sic+ 
lysogens, thus demonstrating that exclusion 
operates equally well on abortive and com- 
plete transduction events. 

In this paper, lysogens have been desig- 
natled as either sie+ (wild type) or sic- (as 
defined by Rao’s sie 1 phage). In the follow- 
ing paper, Susskind et al. (1971) describe a 
more complete analysis of the genetic ele- 
ments responsible for superinfection exclu- 
sion by phage P22 and have found that 
exclusion of phages is controlled by two 
unlinked phage genes, sieA and sieB. They 
have characterized P22 sie 1 as a double 
mutant, sieA-sieB-, and have found that 
the A exclusion system is the only system 
active against superinfecting P22 and P22- 
transducing particles. Our results on super- 
infection exclusion of transducing particles 
are therefore relevant only to the sieA 
system. 

The A exclusion system is unusual in 
several ways. It is highly nonspecific and 
excludes to some extent all DNA which is 
injected intro a P22 sieA+ lysogen from a 
phage particle. It does not, however, exclude 
heteroimmune phage DNA which is trans- 
ferred by conjugat)ion into a P22 sieAf 
lysogen (Rao, 1968) or bacterial DNA 

entering by this route (Botstein, unpublished 
results). Exclusion is not accomplished by 
degradation of the superinfecting DNA to 
acid-soluble nucleotides (Rao, 1968) as is 
true of the T-even phages (Fielding and 
Lunt, 1970). 

The question arises whether DNA is 
actually injected into the excluding lysogen 
from the phage head. Rao (1968) and Suss- 
kind et al. (1971) have evidence indicating 
that phage DNA is actually injected from 
phage particles into cells lysogenic for P22 
sieA+. The excluding step must therefore 
occur after the DNA is injected into the cell. 
At present, there is no reason to believe that 
excluded DNA can function in a sief 
lysogen; Ozeki’s finding (1956) that the 
formation of both abortive and complete 
transductants is inhibited in wild-type P22 
lysogens provides evidence that transducing 
DNA cannot function in these lysogens. 
However, it should be noted that simple 
blocks at the transcriptional level for super- 
infecting DNA cannot in any case account 
for the inhibition of the formation of com- 
plete transductants, since it is not expected 
that transducing DNA need function before 
recombining with the host chromosome. 

The observation that the degree of exclu- 
sion expressed by a sic+ lysogen depends on 
the total particle multiplicity suggests that 
some component of the sieA excluding 
system can be saturated by input phage. 
This result, when considered together with 
the evidence mentioned above concerning 
the injection of superinfecting DNA into the 
cell, suggests that there exist within the 
lysogenic cell a number of sites (or protein 
molecules) which interact with superinfect- 
ing DNA. In the case of superinfecting 
transducing DNA, the product is incapable 
of forming either abortive or complete 
transductants. Similarly, the product made 
from P22 superinfecting phage DNA is 
incapable of participating in general re- 
combination with the prophage and of form- 
ing an infective center. On the other hand, 
introduction of DNA by conjugation occurs 
normally into a sie+ lysogen. It is therefore 
possible that the hypothetical sites (or 
proteins) responsible for exclusion act upon 
DNA as it is injected from a phage particle. 
This hypothesis suggests that the exclusion 



system is locat,ed irr or near t,he cell mem- 
brane. 

ACKNOWLEDGMENTS 

This work was support)ed by grants from the 
American Cancer Society (.No. E-573) to D. B. 
and from the Nat,ional Institutes of Health (No. 
AI 05388-09) t,o M. 8. Fox. One of us (J. E. T.) was 
also a trainee under a microbiology training grant 
No. (:M-00602 from the National Institute of 
General Medical Sciences to the Department of 
Biology, M.I.T. 

We wish to thank Dr. Maurice Fox, in whose 
laboratory this work was done, for his interest in 
this work and for his perceptjive criticism of the 
mantiscript,; Raymond White and Mimi Susskind 
for many valuable discussions, and N. Rao and M. 
(;ongh for providing us with phage strains. 

RFFERFVCES 1 i* 

Bn.\us, M. H. (1959). “Bacteriophages”. Wiley 
(Interscience), New York. 

BOTSTEIN, D. (1968). Synthesis and maturat,ion of 
phage P22 DNA. I. Identification of inter- 
mediates. J. Mol. Hiol. 34, 621-641. 

BOTGTICIN, 1). , and M.\Tz, M. (1970). A recombina- 
tion function essential to the growth of bacterio- 
phage 1’22. J. Mol. Biol. 54, 417440. 

CAL~:ND.\R, It. (1970). The regulation of phage 
development. Annu. Rev. Microbial. 24, 241-296. 

FIELDING, P. E., and LUNT, M. It. (1970). The re- 
lat ioti between breakdown of sttperinfect ing 

virtts deoxyribonttcleic acid and temporal es- 
cliision indttced by T4 and T5 bacteriophages. J. 
Gen. I/id. 6, 333-342. 

LISVINK, M., and Cunr~ss, 11. (1961). Genetic fine 
structure of the C region and t,he linkage map of 
phage P22. Genetics 46,1573-1580. 

OZIXI, H. (1956). Abortive transduction irr ptirine 
requiring mutants of Salnionella I,f/phin~~(r~i/rs/. 
Carnegie Insl. 12’aah. J’ubl. 612, 97-106. 

OZEKI, H. (1959). Chromosome fragments partici- 
pating in transduction in Salvtonrlla i!yp,hivtrr- 

riwn. Genetics 44,457-470. 

Rao, N. (1968). Bacteriophage P22 controlled 
exclusion in b’dnro?~e~/a I!yphimuriutn. .I. ,tlo!. 

Biol. 35, 607-622. 
SHEPP.\IZD, I). Ii:. (1962). Ijensity gradient centri- 

fugation of bacteriophage P22. ~‘i,o/og!~ 17, 21% 

214. 
STOCKER, B. A. I>., ZINUIGI, N. I)., aIldLr.:u~‘;llrj~:~tCr, 

J. (1953). Transdttciion of flagellar character in 
S&none/la. J. Gen. Microbid. 9, 410-433. 

SUSSKIND, M., WRIGHT, A., and BOTSTICIS, 1). 
(1971). Superinfection exclttsion by P22 prophage 
in lysogens of Scclmonella typhimurium II. 

Genetic evidence for two exclrtsion systems. 
Virology 45, 638-652. 

WALSH, J., and MP:TI.NP:L~L, C:. (:. (1967). Thp iaola- 
tion of non-excluding mtttants of phage 1’22. ./. 
Gen. Viirol. 1, 581-58‘. 

ZINDER, N. (1955). Bacterial transduction. -1. 
Cell. Camp. Physio7. 45, Ruppl. 2, 23-49. 

ZINDER, N., and LIGDERUICRG, J. (1952). (;enetic 
exchange in Sa/rr~osc(la. J. Barterid. 64,67!)-699. 


