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ABSTRACT A derivative of X b221 that has lost by mu-
tation all EcoRI restriction sites has been isolated by
alternative growth op ,restrictive and nonrestrictive
strains. It has an efficiency of plating equal to 1 on the
restrictive strain. Genetic cross of this bacteriophage with
X plac5 Imm2l gave rise to recombinants 6f intermediate
restricting ratios. The analysis of the-EcoRI erndonuclease-
cleaved DNA by polyacrylamide'gel elkctrophoresis, comn-
pared with the genetic results, has permitted identifica-
tion of PcoRI endonuclease cleavage sites in the recombi-
nants. The genotypes are: X plac5 C1857 sRIX30 sRIX20
sRfAI° and X plac5 C1857 sRIk20 sRIXI. The- remaining
cleavage sites, respectively, sRIlac sRIX4 and sRllac sRIX4
sRIX3, are all located in a region nonessential for bac-
teriophage multiplication. The involvement of these mu-
tant bacteriophages as vector for foreign genes ar¢;dis-
cussed.

In the study of gene expression an important step is the isola-
tion of specific DNA fragments. The use of transducing
bacteriophages (1) has allowed the isolation of defined genes
in prokaryotic systems, and the study of their expression in
vivo and in vitro. Such methods do not exist for eukaryotic
systems. In order to study isolated eukaryotic genes, one
would like to insert specific sequences from eukaryotic
chromosomal or extrachromosomal DNA into structures that
can be self-replicated inside the bacteria, since this would
allow the direct isolation of specific DNA fragments.
One method of gene insertion involves the introduction of

the same cohesive ends in the chosen DNA and the self-
replicating DNA, followed by the joining of the two structures
either in vitro with ligase or in vivo inside the bacteria. To
create the cohesive ends, a restriction endonuclease can be
used. These enzymes recognize sites on DNA that have
specific nucleotide sequences. To be useful for the preparation
of DNA fragments to be fused, such an endonuclease must
hydrolyze the DNA at a limited number of sites so that the
generated DNA fragments can contain intact genes, and it
must generate complementary ends long enough to be co-
hesive. The EcoRI endonuclease can be used for this purpose
since it creates cohesive ends of 4 nucleotides at sites that are
separated by, on the average, a few thousand base pairs. Using
a similar method, Jackson et al. (2) have fused simian virus
40 DNA in vitro with a fragment of W DNA, X dvgal. Gene
insertion has also been carried out with antibiotic-resistance
transferable plasmid as a self-replicating structure (3). The
DNA of the RTF plasmid was cleaved with the EcoRI endo-
nuclease and joined, in vitro or in vivo, with fragments of DNA
generated with the same endonuclease. The authors succeeded
in inserting fragments of DNA of a Staphylococcus plasmid
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into an RTF plasmid replicating in Escherichia coli (4). The
same method could be used to insert other genes.
Our goal here was to isolate a plaque-forming derivative

of bacteriophage X that could be used as a vector for foreign
genes. In our opinion, X bacteriophage has two advantages as
a general transducing particle: (a) the hybrid DNA can be
prepared in great quantity since each bacterial cell can pro-
duce several hundred X DNA copies and the hybrid DNA can
be purified easily as a component of bacteriophage particles,
and (b) the detailed knowledge of the X genome might be very
useful for further studies on the hybrid DNA, e.g., in studying
the expression of the foreign genes in tivo or in vitro.
For our purpose we had to isolate a A bacteriophage whose

DNA would have sites of EcoRI endonuclease cleavage lo-
cated (a) only in a region that is nonessential for bacterio-
phage multiplication and (b) such that the fragments of DNA
that contain the essential genes would have a total length in-
ferior to that of the wild-type X DNA and would be able to be
encapsulated after integration of foreign DNA.
We have constructed such a bacteriophage in two steps:

isolation of a multiple mutant that is resistant to the EcoRI
endonuclease followed by genetic cross, giving rise to bacterio-
phage recombinants having ony two and three sites of EcoRI
endonuclease cleavage, all located in a single region that is
nonessential for bacteriophage multiplication.

MATERIALS AND METHODS

Bacteriophages. The strains used were XCI857 (5), Ab221
C1857 (6), Aplac5 imm21 (P. Kourilsky, personal gift), and
Aplac5 CI857 S7 (7). Following the convention suggested by
Arber and Linn (8), we use the symbol sRIX to designate an
EcoRI restriction site of Aplac5. We number the sites as de-
scribed in Fig. 1. We use the symbol sRIX10 to indicate the
loss of sRIA1 by mutation (8).

Bacterial Strains. W3350 is a gal- E. coli K12 strain.
RY12 is a derivative of W3350, which contains the plasmid
RTF1 conferring the EcoRI host specificity (this strain was
kindly sent to us by H. W. Boyer). AR1002 is a spontaneous
lac- mutant of a nonlysogenic derivate of Y10 (9).

AMedia. Lysates were made in liquid L-broth rich medium.
Bacteriophage assays were done either on tryptone broth agar
or on M~acConkey lactose agar (Difco medium).
Enzyme. EcoRI endonuclease was purified according to

Yoshumori (10). The enzyme was generously made available
to us by P. Yot.
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FIG,. 1. Position of the EcoRiI endonuclease cleavage sites on
the genetic map of X according to Allet et al. (12). The numbers
in circles refer to the position of the fragments in the gel after
electrophoresis. Asterisks refer to the sRI sites from the right
to left, respectively, sRIX1, sRIX2, sRIX3, sRIX4, and sRIlac.

Measurement of Efficiency of Plating on EcoRI Restrictive
Host. Bacteriophages with no EcoRI modification were ob-
tained by growth on W3350 or by induction on lysogenic
derivatives of AR1002 and will be referred to as X * K bacterio-
phages. The titer of bacteriophages on the RY12 restrictive
host divided by the titer on the W3350 host defines the effi-
ciency of plating.

Isolation of Restriction-Resistant Mutant. Lysates were
alternately made on RY12 and W3350 by the method of Arber
and Kuhnlein (11). After each passage on the nonrestrictive
host the efficiency of plating of the lysate was determined,
and the enrichment procedure was continued until the effi-
ciency of plating reached 1. Restriction-resistant mutants
were then purified by simple plaque isolation, and their
properties were tested.

Bacteriophage Cross. The restriction-resistant mutant was
crossed at 370 with Xplac5 imm2l in the irradiated AR1002
strain. Resulting lysates were plated at 300 on the lysogenic
strain AR1002 (Ximm21) on MacConkey lactose plates. Bac-
teriophage clones carrying the lac genes were picked in red
plaques.

Propagation of Mutated Bacteriophages and Extraction of
DNA. Thermosensitive derivatives of AR1002 lac- strain
lysogenic for plac5 recombinant bacteriophages were isolated
from the center of red plaques. Lysogenic bacteria were grown
in L-broth medium at 320 to a titer of about 5 X 108 bacteria
per ml. They were kept at 420 for 20 min and finally at 370
for 40 min. Chloroform was added and the lysate, after being
made 0.5 M in NaCl, 10% (w/v) in polyethyleneglycol 6000,
and 3% (w/v) in sodium dextran sulfate 500, was allowed to
stand overnight at 4°. The sediment was centrifuged at low
speed and the precipitate was resuspended in 3% of the
original volume of 10 mM Tris * HCl (pH 7.5), 10 mM MgSO4
buffer (Tris-Mg buffer). The suspension was cleared by a
low-speed centrifugation, and the bacteriophages were then.
pelleted by a high-speed centrifugation. The pellet was re-
suspended in a small volume of the previous buffer and layered
on a CsCl step gradient. After centrifugation for 2 hr at 25000
rpm in a SW50 rotor, the band formed by the bacteriophages
was collected and centrifuged in a CsCl equilibrium gradient.
The purified bacteriophages were then dialyzed for 24 hr
against Tris-Mg buffer.
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FIG. 2. General protocol for construction of bacteriophage
with only 2 or 3 of EcoRI endonuclease sites. *, EcoRI endo-
nuclease-sensitive site; 0, mutated site.

For extraction of DNA, the bacteriophages were resus-

pended in 10 mM Tris HCl (pH 8) at 12 A260 units/ml. An
equal volume of freshly distilled phenol, previously equili-
brated with the same buffer, was added and the DNA was

extracted for 30 min at 40 with occasional gentle stirring.
The aqueous phase was treated with phenol and the re-ex-

tracted DNA was dialyzed for 24 hr against 20 mM Tris * HCO
(pH 8), 1 mM EDTA, 0.5 M NaCl, 20 mM 2-mercapto-
ethanol, and for 24 hr against 20 mM Tris * HCO (pH 8). The
DNA was stored at 40.

Hydrolysis of DNA by EcoRI Endonuclease and Analysis of
the Products by Polyacrylamide Gel Electrophoresis. DNA (8
A260 units/ml) in 0.1 M Tris- HCl (pH 7.4), 10 mMI MgCl2 was

incubated with EcoRI endonuclease. The incubation time
was chosen to give complete hydrolysis. EDTA was then
added to a final concentration of 10 mM. DNA was extracted
by a 10-min phenol treatment and dialyzed for 24 hr against
10 mM tris - HCl (pH 8), 1 mM EDTA. Aliquots of the DNA
solution containing 10 jg of DNA were loaded into the sample
wells of the gel. The separating gel was a 0.4 X 12 X 10-cm

slab containing a linear concentration of polyacrylamide from
2.5% at the origin to a final concentration of 7.5% (12).
The buffer, used for the gel and the reservoirs, was 40 mM
Tris-acetate (pH 8), 20 mM sodium acetate. Electrophoresis
was carried out in an electric field of 6 V/cm for 24 hr at room
temperature. The DNA was stained by soaking the gel in a

0.02%o solution of methylene blue for 2 hr, and excess stain
was removed by washing the gel with water (12).

RESULTS

General Procedure. It is practically impossible to isolate di-
rectly from the X wild type, which has several EcoRI re-
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FIG. 3. Separation by polyacrylamide gel electrophoresis of EcoRJ endonuclease fragments obtained from bacteriophage DNA. Gel
electrophoresis was done as described in Materials and Methods. Bacteriophages studied are Xplac5 C1857 S7 (A) and the two plac5 C1857
recombinants which have, respectively, three and two sites of EcoRI restriction (B and C).

striction sites, the desired X derivative, with only a few EcoRI
restriction sites all located in the appropriate region of A.

Indeed, the method of isolation of bacteriophages that have
lost restriction sites by mutation does not allow any choice as

to the A sites that will disappear. We thus decided to proceed
in the two steps presented in Fig. 2: (a) isolation of a multiple
mutant of A that has lost all EcoRI restriction sites and (b)
construction by genetic cross of bacteriophages having EcoRI
restriction sites in the appropriate X region.

Selection of a Restriction-Resistant Mutant. Our goal here
was to isolate a bacteriophage that has lost all its EcoRI re-

striction sites. Since X possesses five EcoRI restriction sites,
as demonstrated biochemically (12), a direct selection for a

mutant with no sites appeared to us to be very difficult. It
was easier to start from a bacteriophage having less than five
sites. Comparison of the location of the EcoRI endonuclease
sites along the X DNA (12) with the genetic map of A derivatives
(13) led us to choose the deletion mutant WV21. This bacterio-
phage was expected to carry only three EcoRI sites (see Fig.
1).

Since the method of selection of a restriction resistant
mutant is based on the correlation of the efficiency on a re-

strictive host with the number of remaining restriction sites
(11), it was necessary to verify that in the EcoRI system also
the efficiency of plating of a bacteriophage decreases with the
number of remaining sites. For that purpose we have measured
the efficiency of plating on a restrictive strain of Ab221 CI857
and ACI857. The measurements, 7 X 10-3 for Ab221 C1857
and 9 X 10-4 for AC1857, showed that the efficiency of plating
of the deleted bacteriophage is in fact higher than for ACI857.
The deletion mutant Ab221 CI857 was then submitted to

the selection procedure (Fig. 2): it was alternately grown on

restrictive and nonrestrictive strains as described in Materials
and Methods. After 14 passages on the two strains, a bacterio-
phage clone was isolated that had an efficiency of plating on

the restrictive strain equal to 1. This result suggests that the

isolated bacteriophage has lost its three EcoRI restriction
sites.

Construction and Characterization of Bacteriophages with
Restriction Sites Only in a Region Nonessential for Multi-
plication. The region of the genome between genes J and N is
not essential for bacteriophage multiplication. We tried to
introduce EcoRI restriction sites inside this region by re-

combination. For that purpose we crossed our restriction-
resistant bacteriophage with the X strain Aplac5 imm21, as

indicated in Fig. 2. Recombinants that had inherited the
C1857 marker of the b221 parent and the plac5 marker of the
other parent were isolated and tested for restriction properties.
Fourteen plac5 C1857 recombinant clones were isolated and
further studied.

Their efficiency of plating on the restricting strain has been
tested. The results allowed us to distinguish three classes of

FIG. 4. Cleavage pattern with EcoRI endonuclease of the
constructed bacteriophages. Bacteriophages studied are: (A)
Aplac5 CI857 S7; (B) Xplac5 CI857 sRIX20 sRIX10; and (C)
Aplac5 C1857 sRIX30 sRIA20 sRIXIO.
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recombinants, defined by their efficiencies of plating, with
one recombinant in the first class (efficiency about 4 X 10-2),
eleven recombinants in the second class (efficiency about 5 X
10-3), and two recombinants ini the third class (efficiency
about 4 X 10-4). From this test, the first two classes would
correspond to recombinants having recovered, respectively,
two and three sites, and the third class could correspond to
double recombinants. One bacteriophage of each of the first
two classes has been studied further in order to show that, as
expected, the first bacteriophage has the restriction sites
XsRIlac sRIX4 and the second sRIlac sRIX4 sRIX3 (Fig. 2).

Biochemical proof for the suggested structure of the two
bacteriophages came from the cleavage of the bacteriophage
DNA with the EcoRI endonuclease in vitro. Stocks of the two
bacteriophages were prepared, DNA was extracted and
cleaved with EcoRI endonuclease, and the fragments ob-
tained were analyzed by electrophoresis in polyacrylamide
gels as described in Materials and Methods. DNA of Xplac5
C1857 S7 was simultaneously cleaved with EcoRI endo-
nuclease and used as a control to identify the position of the
bands and to deduce the location of the remaining cleavage
sites. In the first bacteriophage pattern, the disappearance of
bands 2, 4, 5, and 6 and the existence of band 3 prove that the
DNA contains two cleavage sites: sRIlac and sRIX4 (Figs. 1
and 3). In the second bacteriophage pattern, the disap-
pearance of bands 2, 6, and 6 and the existence of bands 3 and
4 prove that the DNA contains three cleavage sites: sRl1ac,
sRIX4, and sRIX3 (Figs. 1 and 3).

DISCUSSION

In the course of the construction of the presented bacterio-
phages, a mutant of bacteriophage X that is EcoRI restriction-
resistant has been isolated. The genetic characteristics of this
restriction-resistant bacteriophage are an efficiency of plating
on the restrictive strain equal to 1 and the ability to give
rise, by genetic cross, to recombinants of intermediate re-
striction ratios. These results, in addition to the biochemical
characteristics of the two recombinants obtained from it by
genetic cross (existence of, respectively, only two and three
sites of EcoRI endonuclease), lead us to propose for the re-
striction-resistant bacteriophage the following genotype:
Xb221 C1857 sRIX30 sRIX20 sRIXJ0. This shows that in the
EcoRI restriction system there is a correlation between the
efficiency of plating on a restrictive strain and the number of
restriction endonuclease sites present on the DNA. Such a
correlation is not found in all systems: T7 DNA, for instance,
is cleaved at several sites by the restriction endonuclease B in
vitro, but the T7 bacteriophage itself is not restricted in
vivo (14).
The EcoRI restriction-resistant mutant, which we desig-

nate X0EcoRI, makes possible the construction of various re-
combinants that have recovered defined EcoRI restriction

sites. This mutant is particularly useful to generate, by re-
combination with some A transducing bacteriophages, new A
transducing genomes that can be cleaved by the EcoRI endo-
nuclease in only a few DNA segments, thereby facilitating
the isolation of bacterial genes. As an example, the recom-
binant plac6 with two remaining sites of EcoRI endonuclease,
sRltac and sRIX4, that we have constructed here displays an
electrophoresis pattern where the only rapidly migrating
band is constituted by the lac fragment (Fig. 3).
The main interest of the two recombinants constructed and

described here, which have only two and three EcoRI re-
striction endonuclease sites, is that they appear to be ap-
propriate tools for insertion of foreign DNA into the bacterio-
phage x genome. Indeed, the hydrolysis of their DNA leads to
two large fragments that (a) contain all the X genes essential
for bacteriophage multiplication, (b) are terminated at the
extremities by cohesive ends, (c) are smaller in total length
than the A wild-type genome by 15% and 26% (Fig. 4), and
(d) no longer carry the easily recognizable lac genes. The
small fragments that are cleaved away could be substituted
by foreign EcoRI endonuclease DNA fragments.
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