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ANY of the recent studies on bacterial transformation have been concerned 
with two fundamental questions: Can the function of a transforming cistron 

be expressed before or only after integration into the bacterial genome and what 
is the detailed mechanism of the integration process? Additional knowledge of 
features of integration may provide essential information on the mechanism of 
recombination. The recently developed phage transformation system (VAN DE 

POL, VELDHUISEN and COHEN 1961), involving recombination of T4 transform- 
ing DNA with the genome of a helper phage in Escherichia coli B spheroplasts, 
offers a unique advantage over bacterial transformation systems, since both native 
and denatured DNA have been found to transform the r+ character with similar 
efficiency ( VELDHUISEN and GOLDBERG 1966). 

Preliminary experiments suggested quantitative differences in recombination 
frequency for crosses between native and denatured DNA isolated from different 
rZZ mutants and rZZ helper phages. This paper deals with a series of experiments 
leading to the conclusion that native transforming DNA can express the rZZ 
function before being integrated into the helper phage genome, whereas denatured 
DNA cannot. 

MATERIALS A N D  METHODS 

Strains: E .  coli strain B was used in all experiments for the formation of spheroplasts by the 
penicillin method. The solutions for the conversion of bacterial cells to spheroplasts were modified 
after HERSHEY (1955). As indicator bacteria, E. coli B and E.  coli K-12(X) were used. Since all 
T4 phages having a mutation in the rll gene are unable to grow on K-l2(X), this indicator could 
be used selectively for the detection of r f  recombinants. The rl l  deletion mutants used as DNA 
sources and as helper phages are schematically represented in Figure 1. 

Media: Medium I consists of distilled water, 95 ml; Tris (hydroxymethyl) aminomethane 
(Tris), 2 M (pH 7.2), 5 ml; Solution A, 0.2 ml; Solution P, 0.2 ml; 10% glucose, 0.4 ml; 0.01% 
FeCl,, 0.8 ml. Medium I1 consists of distilled water, 90 ml; Tris, 2 M (pH 7.2), 5 ml; Solution 
A, 0.3 ml; Solution P, 0.2 ml; 10% glucose, 0.4 ml; 0.01 % FeCl,, 4 ml. Solution A contains 100 g 
NH,Cl and 25 g MgSO, per liter. Solution P contains 142 g Na,HPO, and 60 g KH,PO, per liter. 

Washing fluid: Tris, 0.01 M (pH 7.4); gelatin, 0.01%; MgCI,, 0.001 M; NaCl, 0.1%. 
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H. J. VOGE.L for his interest and encouragement throughout this work. Thanks are due to W. E. GOLDBERG for his gen- 
erous advice on experimental aspects of this work. A predoctoral traineeship under Public Health Service Training Grant 
2 'Tl GM 507 is gratefully acknowledged. This investigation was aided by research grants from the Public Health Service 
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FIGURE 1.-Deletion mutants used as DNA sources and helper phages, represented on the 

r l l  map of BENZER (1961). 

Phosphate buffer: Sodium phosphate, 0.01 M (pH 7.0). 
Spheroplasts: To obtain competent bacteria, Medium I (8 ml) was inoculated with E. coli 

B from a slant and aerated at  37°C. Medium I1 (19 ml) was inoculated with 1 ml of the over- 
night culture and aerated at  37°C until the bacterial concentration was 3 x IOS/ml. The penicil- 
lin treatment of the bacteria was carried out according to VELDHUISEN and GOLDBERG (1966). 

Helper phage: The phage was grown (BENZER 1955), concentrated to a titer of 3 x lo1* and 
taken up in washing fluid. To the concentrated phage suspension (0.1 ml), 0.2 ml of a 9.5 M urea 
solution (pH 7.0) in 2% sterile albumen (Mann 'Research Laboratories) was added, and the 
mixture was incubated 10 min at 37°C. The urea-treated phage was diluted tenfold with 0.1 M 

phosphate buffer (pH 7.0) in 2% albumen and stored in the cold. 
Isolation of DNA: The method of VFLDHUISEN and GOLDBERG (1966) was used. 
Transformation reaction mixture: The individual DNA concentrations used are indicated in 

the legends. The degradation of the DNA molecules into smaller pieces was accomplished by 10 
sec sonication in a Mullard Ultrasonic Disintegrator at a concentration of U) pg/ml. The same 
DNA concentration was used for the denaturation process, which was cyried out in 0.1 M phos- 
phate buffer (pH 7.0) by heating the DNA 5 min at 95°C and chilling rapidly. The reaction 
mixture contained, except when indicated differently: 0.5 ml DNA in  0.01 M phosphate buffer 
(pH 7.0), 0.5 ml E. coli B spheroplasts, and 0.05 ml helper phage. The incubation time was 
usually 3 hours, except when samples were lysed at different times during incubation with chloro- 
form. 

Calculations: The yield of transformants was expressed as the ratio of the r +  titer (K), on 
strain K-l2(X), to the rl l  titer (B), on strain B. The calculations for x 2  values were performed 
according to LURIA and DELBRUCK (1943). 

Where applicable, control experiments were carried out to show that the DNA preparations 
were not contaminated with infectious phage particles and that the helper phage was free of 
wild-type phage. In each such experiment, two control tubes were set up, one containing sphero- 
plasts and DNA, and the other containing spheroplasts and helper phage. No r+ recombinants 
could be detected for either control. 

RESULTS 

Increase in the relative yield of transformants with time of incubation: To 
follow the events in E. coli B spheroplasts upon infection, samples of 1 ml were 
pipetted from the incubation mixture into chloroform, at different times during 
the incubation period. As shown in Figure 2, a striking increase in K/B values 
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TRANSFORMATION OF r l l  IN PHAGE ~4 915 

throughout the incubation period can be observed for native r+ DNA, whereas 
both sonicated denatured and unsonicated denatured r+ DNA show no com- 
parable increase in K/B value throughout the incubation period. 

The increase in K/B values could be attributed to lysis inhibition resulting 
from the expression of native DNA before integration. The phenomenon of lysis 
inhibition was discovered by DOERMANN (1948) in rf infected E. coZi B. He 
observed a delay in the lytic event coupled with a large increase in burst size. 
Thus far, however, lysis inhibition has not been shown to occur in spheroplasts. 
To test for the inhibition phenomenon under these conditions, experiments were 
carried out with r+ phage and with phage r1519, a deletion mutant lacking the 
rll function. Figure 3 shows that spheroplasts infected with the mutant phage 
do not show an increase in titer after an incubation period of 75 minutes. When 
wild-type phage was used, however, the titer continued to increase for at least 
an additional 75 minutes. These results parallel those obtained by DOERMANN 
(1948) and suggest lysis inhibition to occur in spheroplasts. Lysis inhibition, 
under the conditions used, would require superinfection by intact progeny phage 
particles. It is relevant, therefore, that penicillin-produced E. coli B spheroplasts 
still have part of the cell wall with receptor sites for T4 phage, and can be 
infected by this phage (E. GOLDBERG, personal communication). 

Fluctuation tests with native and denatured DNA: The hypothesis that the 
phenomenon of lysis inhibition is responsible for the results obtained with native 
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FIGURE 2.-Yield of transformants, as func- FIGURE 3.-Growth curves for wild-type 
tion of time, with native (e),  10 seconds soni- ( r + )  and mutant ( r l l )  phages. Urea-treated 
cated denatured (0) ,  and unsonicated dena- phage r+ ( 0 )  or r1519 ( A )  was incubated 
tured (A) rf DNA. with E. coli B spheroplasts. 

Samples ( 1  ml) were taken, lysed in chloroform at dif- 
ferent times during incubation, and assayed by plating 0.1 
ml of a 10-8 dilution on E .  coli B indicator bacteria. 

Native DNA 10 fig/ml) or treated DSA (2 fig/ml) 
was preincubated with E .  coli B spheroplasts for 30 min 
at 37OC. [Jrea-treated helper phage rl519 carrying a dele- 
tion in the B cistron of the rll region, was added at a 
concentration of 1 X  101' phage particles per ml (zero 
time). At different times during incubation, samples ( 1  ml) 
were taken and lysed with chloroform. From each lysed 
sample, 0.1 ml were plated on K-lZ(h)  indicator bacteria, 
and 0.1 ml of a 10-0 dilution was plated on indicator E. 
coli B. K/B values for each sample were calculated and 
plotted against time of incubation. 
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TABLE 1 

Fluctuation tests with different DNA samples 

Number of plaques per tube 
Tube number 

DNA sample 1 2  3 4 5 6 7 8 9 10 11 12 ZX* 

Sonicated (10 sec) 
denatured 90 67 75 58 102 72 84 64 57 81 80 70 35.6 

Unsonicateddenatured 13 19 21 19 20 20 23 20 18 16 18 24 6.24 
Native 8 105 104 448 30 50 9 25 266 327 515 48 2410 

The DNA samples (2 ag/ml) were incubated 10 min at 3 7 T  with E. coli B spheroplasts. Urea-treated helper phage 
A519 was added to each DNA sample at  a concentration of 1 X 10- phage particles per ml and incubated an additional 
15 min at  37OC. Samples (0.05 ml) from each of the three incubation mixtures were quickly distributed into 4-inch 
tubes, incubated 2.5 hours at  37"C, and plated directly on K-12(X) indicator bacteria. The number of plaques per tube 
was then determined. The theoretical xz value for 11 degrees of freedom in a random distribuiton is 19.7. 

r+ DNA is supported by the following experiments. The observed increase in 
the relative number of transformants is expected to be paralleled by an increase 
in burst size for I+ transformants. Therefore, upon addition of native r f  DNA, 
one expects a few infective centers containing r+ transformants to give rise to a 
large number of r f  progeny phages. However, upon addition of denatured r+ 
DNA, many infective centers may be produced, giving rise to only a small burst. 
The results of fluctuation tests are presented in Table 1, and confirm these 
expectations. With denatured DNA, no pronounced fluctuation in the yield of r f  
transformants was observed. The close to random distribution of plaque counts 
on indicator K-112 ( h )  suggests that after the denatured r+ DNA has become 
integrated into the genome of the helper phage, only a few rounds of replication 
take place before lysis of the spheroplasts commences. In contrast, a relatively 
small number of native r+ DNA molecules seem to undergo several rounds of 
replications resulting in strong fluctuations indicative of high burst sizes, i.e. a 
higher number of progeny r+ phages are liberated by fewer infective centers. 
The low plaque counts, such as 8 or 9, obtained with native DNA are attributed 
to the failure of some native DNA molecules to express the rll function before 
integration. Thus, low plaque counts are interpreted as associated with rapidly 
lysing spheroplasts, and high plaque counts with delayed lysis of spheroplasts 

TABLE 2 

Fluctuation tests with native r+ DNA at different times 

Number of plaques per tube 
Tube number 

Time of addition 
of DNA ( m u t e s )  1 2  3 4 5 6 7 8 9 10 11 12 Z X Z  

2 388 17 170 116 4 20 139 4 11 17 19 0 1706.7 
25 23 2 68 0 3 5 58 177 4 376 119 21 1755.4 
46 0 1 1  6 1 4  2 4 1  1 2  0 0 0 252.7 

Urea-treated helper phage and E. coli B spheroplasts were mixed a t  37°C at  zero time. Native r+ DNA 2 pg/ml) was 
added at  2 25 and 45 minutes. In each case incubation at  37OC was continued 10 min after the DNA adhition samples 
(0.05 ml) krod each incubation mixture w& distributed into 4-inch tubes incubated 2.5 hr a t  37"C, and plated directly 
on K-lB(X) indicator bacteria. The number of plaques per tube was then d&rmined. 
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TRANSFORMATION O F  IN PHAGE T4 91 7 

showing lysis inhibition. The result obtained with native r f  DNA should, there- 
fore, be regarded as a composite of low and high burst sizes. 

In the fluctuation tests presented in Table 2, native r+ DNA was added at 
different times after infection of the spheroplasts by the helper phage. The results 
indicate that native r+ DNA added 25 minutes after infection causes as much 
fluctuation as DNA added immediately after infection. However, when the DNA 
was added as late as 45 minutes after infection, decreases in transforming activity 
and in fluctuation were observed. These decreases are thought to stem from the 
time of addition of the DNA, which was late for the initiation of lysis inhibition 
by the rl l  product representing an “early function”. If it is assumed that double- 
stranded DNA must become single stranded prior to integration, and cannot be 
incorporated more rapidly than denatured DNA, it would follow that double- 
stranded DNA can be transcribed before integration. 

Complementation between transforming DNA and helper phage: If the rela- 
tively high fluctuations observed in the experiments with native r+ DNA (Tables 
1. 2 )  are a consequence of lysis inhibition brought about by the immediate ex- 
pression of the rll function, it should be possible to observe a cis-trans effect 
analogous to the one described by BENZER (1955) .  Evidence for such an effect 
is presented in Figure 4. In  these transformation experiments, three kinds of 
DNA were used: (a) native DNA with a deletion in the A cistron (r386) ,  (b) 
native DNA with a deletion in the B cistron (r1519),  and ( c )  10 seconds sonicated 
denatured r1519 DNA. The helper phages employed carried deletions in the A 
cistron (r221, r164, r250) or the B cistron (r196, r1299). The results are given 
in terms of K/B values versus site distance expressed as number of sites, read 
from the r l l  map of BENZER (1961) ,  between the proximal ends of the deletions 
in the DNA and the helper phage used. 
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FIGURE 4.-Complementation tests in  E .  coli B spheroplasts, between transforming DNA and 

urea-treated helper phage. The yield of transformants was determined in experiments with native 
DNA (20 pg/ml) or sonicated denatured DNA (2 pg/ml). 0: native r386 DNA (deletion in A 
cistron) and helper phage r221 or r164 (A cistron) or r196 (B cistron). 0 :  native r1519 DNA 
(B cistron) and helper phage r1299 or r196 (B cistron) or r164 (A cistron). A:  sonicated de- 
natured rl519 DNA (B cistron) and helper phage r1299 (B cistron) or r164 or r250 (A cistron). 
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In the experiments with denatured DNA, the K/B values rise moderately with 
site distance, whether the deletion in the helper phage is located in the same 
cistron as that in the DNA or not. When native DNA with a mutation in the A 
cistron and helper phages with mutations in the same cistron were used, the 
observed increase in K/B value with site distances paralleled that obtained with 
denatured DNA. However, an increase in the site distance past the cistron divide 
of the helper phage led to a sharp increase in K/B value. A reciprocal experiment, 
in which the DNA had a mutation at the far end of the B cistron, gave similar 
results, as also shown in Figure 4. The abrupt increase in K/B when the mutation 
in native DNA and the mutation in the helper phage were in a cis-trans position 
are attributed to complementation affecting the presumed protein product of the 
rll region. The results with the denatured DNA, represented by a nearly linear 
plot, are thought to reflect recombination events without complementation. The 
recombination frequencies would be a function of site distance, regardless of the 
cistrons involved. Under the test conditions, the r+ recombinants presumably do 
not express the r+ function, in line with the conclusions reached from the fluctu- 
ation tests. 

Additional evidence was obtained in the experiment presented in Figure 5 ,  in 
which the K/B values showed only a relatively small increase for samples taken 
at different times during incubation of spheroplasts infected with native r386 
DNA and r164 helper phage (both with deletions in the A cistron), whereas a 
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FIGURE 5.-Yield of transformants with native DNA (deletion in A cistron) and helper phage 

(deletion in A or B cistron), as a function of time of incubation. Native r386 DNA (20 pg/ml) 
was preincubated with spheroplasts for 30 min at 37°C. Helper phage r164 ( 0 ;  A cistron) or 
r196 (A;  B cistron) was added at zero time, at a concentration of 1 x 1011 phage particles per 
ml. Incubation was carried out at 37°C and, as the time intervals indicated, 1 ml samples were 
pipetted into chloroform, K/B values were determined and plotted against incubation time. 
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TRANSFORMATION OF rl l  IN PHAGE T4 919 

sharp increase in K/B with time was observed when helper phage r196 (with a 
deletion in the B cistron) was used (Figure 5 ) .  

DISCUSSION 

The experiments presented suggest that, upon uptake by E. coli B spheroplasts, 
native T4 r f  DNA functions analogously to an incomplete T4 phage genome 
injected into a bacterial cell. The native DNA can bring about the rescue of a 
marker, and it can undergo recombination with the genome from an intact T4 
phage. The rZZ function was suitable for  these studies, since it does not depend 
on DNA synthesis for its expression in lysis inhibition. In  these experiments, 
unequivocal differences in the behavior of native and denatured DNA could be 
demonstrated. 

Lysis inhibition in spheroplasts apparently has not been reported previously. 
Evidence for this phenomenon has now been provided, and the other results 
obtained seem to be best interpreted in terms of the occurrence or nonoccurrence 
of lysis inhibition. The experiments with native transforming DNA suggest that 
it is transcribed promptly upon uptake, with the expression of the rZZ function 
and consequent lysis inhibition (which leads to an increased burst size). De- 
natured DNA is considered not to be transcribed until a relatively time-consum- 
ing incorporation event. 

The inferred inability of single-stranded DNA to show phenotypic expression 
is in agreement with the findings of WOOD and BERG (1963), who showed that 
denatured DNA serves as a poor template for messenger RNA synthesis in an 
in uitro system, and that the RNA obtained failed to stimulate amino acid incor- 
poration in cell-free extracts. Also, phage 4x174, whose DNA is single stranded 
in the vegetative state, synthesizes a complementary strand after infection of the 
host bacterium; only then is the DNA able to permit transcription of its genetic 
message for the synthesis of proteins. The observation that the original 4x174 
DNA strand corresponds, in base sequence, to the message excludes the function- 
ing of the original strand as a template for the synthesis of messenger RNA 
( SPIEGELMAN and Do1 1963). 

The nearly random distribution of recombinants in the fluctuation tests with 
denatured DNA is consistent with a rather late incorporation into the phage 
genome-too late for the expression of the rZZ function, which is an “early func- 
tion.” One may surmise that the incorporation tends to take place toward the end 
of DNA synthesis, because a relatively large pool size of progeny DNA molecules 
would facilitate the lining up of homologous sequences in the transforming DNA 
and the helper phage genome. The strong fluctuations in the yield of transform- 
ants obtained with native DNA could have been attributed to a mechanism of 
integration different from the one operating for denatured DNA. Such a mecha- 
nism might be analogous to the recombination process involving breakage and 
reunion of two phage genomes before the onset of DNA synthesis, as postulated 
by MESELSON and WEIGLE (1961 ) . If the results obtained are to be ascribed to 
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pecularities in integration rather than to transcription prior to integration it 
seems necessary to assume that the integration of native DNA occurs appreciably 
faster than that of denatured DNA. However, the cis-trans experiments argue 
against a comparatively rapid integration of native DNA. Although the rZZ func- 
tion appears to be expressed under conditions allowing complementation, this 
function never seems to be expressed when corresponding citrons in the DNA 
and the helper phage are involved. If crossover events with native DNA could 
occur quickly enough, one might have expected that intracistronic recombination 
might sometimes have allowed lysis inhibition (which could not be detected 
under these circumstances). 

The conclusion that transforming DNA can enter a cell as a double-stranded 
molecule and permit transcription of its information into messenger RNA before 
integration may also apply to other transforming systems utilizing double- 
stranded DNA. The present interpretations are not inconsistent with the existence 
of transforming systems in ,which DNA is converted into single-stranded form 
upon uptake. In such systems, the single-stranded transforming DNA has to be 
incorporated before expression can take place; therefore, a lack of expression 
before integration is to be expected in these cases. 

The evidence that lysis inhibition can occur in cells deprived, at least partially, 
of their cell wall, supports the view that the bacterial membrane is the primary 
target concerned with the phenomenon. If one assumes that the rZZ protein tends 
to protect the bacterial membrane from disintegration by counteracting a mem- 
brane-destroying factor or simply by increasing the stability of the membrane, 
an explanation is provided for the indicated connection between rZZ function and 
the phenomenon of lysis inhibition. 

SUMMARY 

With the aid of rZZ mutants, the phage transformation system involving re- 
combination between T4 transforming DNA and the genome of a helper phage 
in E.  coli B spheroplasts was studied. With native DNA, the relative number of 
transformants (expressed as the ratio K/B) increased linearly with time for about 
3 hours. This result is in contrast to transformants produced by denatured DNA, 
where the K/B ratio remained constant over the same period. Fluctuation tests 
showed a great deviation from random distribution for native DNA and an almost 
random distribution for denatured DNA. It is concluded that native r+ DNA can 
express the rZZ function before becoming integrated into the phage genome. De- 
natured DNA presumably is not capable of immediate phenotypic expression 
and would have to be integrated into the phage genome for transcription. Inte- 
gration of denatured DNA appears to occur toward the end of the replication of 
the helper phage DNA, too late for the successful expression of the rZZ gene. 
Transformation with native DNA having a deletion in one of the rll cistrons and 
a helper phage carrying a deletion in the other cistron apparently yields func- 
tional complementation. This finding suggests that the phenotypic expression of 
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the r l l  function resulting in lysis inhibition can occur in E .  coli B spheroplasts 
produced by penicillin treatment. 
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