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ABSTRACT Recombinant phage genomes made in reac-
tions with purified enzymes may be recovered directly by
packaging into phage heads in vitro. Tle process is efficient and
nonselective and offers containment in initial stages of handling
recombinant DNA. Ligase [poly(deoxyribonucleotide).poly-
(deoxyribonucleotide) ligase (AMP-forming), EC 6.5.1.11 reaction
products can recombine with endogenous phage DNA during
packaging, but UV-irradiation eliminates the biological activity
of the endogenous DNA.

Hybrid molecules may now be constructed in vitro between
DNA fragments from various sources and bacterial plasmids
or bacteriophage A DNA (1-8). Since the plasmids and phage
DNA are capable of autonomous replication, the recombinant
molecules enable DNA fragments to be cloned in bacterial cells.
In addition to autonomous replication, the principal require-
ments of the receptor DNA molecules are that they must be able
to infect competent bacteria, that they contain one or a very
limited number of targets for the restriction enzyme, that in-
sertion of the new DNA fragment does not destroy a gene es-
sential for the function of the plasmid or phage, and that cells
carrying the plasmid or phage can be readily selected and the
recombinant plasmids or phage distinguished easily from their
parents (9-11). For phage A DNA there is a further constraint
in that only molecules in a certain size range can be packaged
into a viable virion; some of the DNA must therefore be deleted
from inessential regions of the phage genome in order to pro-
vide space for the new fragments and the recombinant molecule
must have a length between about 75 and 105% of wild-type
A DNA (12). The joining of fragments of vector and donor DNA
in reactions with polynucleotide ligase [poly(deoxyribonu-
cleotide):poly(deoxyribonucleotide) ligase (AMP-forming), EC
6.5.1.1] usually yields a complex range of products which in
practice are seldom fractionated. Instead, the mixtures are used
directly to transform (13), or transfect (14), cultures of com-
petent bacterial cells, thus allowing the cell to selectively
propagate only those DNA molecules that are viable in this
specific host strain.

Yields of transformed cells, or phage particles, from these
procedures are variable. With intact DNA from lambdoid
phages the yield of phage particles per ,ug in transfection ex-
periments with E. coli is usually between 104 and 106; the av-
erage represents a recovery of less than 1 in 105 of the DNA
molecules. With DNA preparations that have been restricted
and the fragments rejoined by treatment with polynucleotide
ligase, the yield of phage per Mg of DNA in the reaction mixture
is usually at least an order of magnitude lower than this.

Other procedures are available for conversion of DNA
molecules into phage particles. Of these, the packaging of DNA
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into viable phage particles in vitro with extracts of appro-
priately lysogenized and induced cells gives recoveries as high
as 1 in 103 of the DNA molecules.
The principle of in vitro packaging is the following: in the

presence of high concentrations of the phage head precursor,
or prehead, and the packaging proteins, which are the products
of genes A, Nul, D, and Fl (15), X DNA is packaged (16, 17).
The full heads are then matured (in vitro) into plaque-forming
units (PFU) in the presence of proteins from genesW and FII
and phage tails (18). Practically, in vitro packaging is most
efficiently performed in a very concentrated mixture of two
induced lysogens, one of which is genetically blocked at the
prehead stage (by an amber mutation in, e.g., gene D) and
therefore accumulates these precursors, while the other is in-
hibited from forming capsids by an amber mutation in the
gene, E, for the main capsid protein. These two lysates provide
all the necessary components to convert A DNA into a plaque-
forming particle. Endogenous concatemeric phage DNA
present in these lysates is packaged and cleaved (17, 19), but
if mature linear DNA from another lambdoid phage is added
to the reaction mixture, this also becomes packaged (16). It has
been reported that circular, monomeric A DNA, however,
cannot be made infective by either transfection (20) or in eitro
packaging (16, 19). In this communication we describe the
application of this packaging system for making in vitro re-
combinant DNA infectious.

MATERIALS AND METHODS
Description of Vectors. The phage vector 540 is described

in ref. 21; vectors 590, 598, 607, 641, 705, and 728 are described
in ref. 11. The genotypes of the remainder are as follows: 459,
A (srIAl-2) VcI857 nin5; 461, Ab538 srIA3 nin5; 596, A
[(srIAl-3)V (supE+)] susy c1857 nin5; 616, Aplac5 att+
imm2l nin5; 646, Xplac5 srl-lac srIX3 Nam cIts nin5; 711,
A(srIAl-2)V shnA3 (trpE + ) (att-red)V sus8y cV (KH54) nin5;
and 722, A(srIAl-2)V shnA3 (supF+ ) (att-xis)V red+ imm2l
nin5. (The abbreviations used for restriction enzymes and their
targets in phage genomes are given in refs. 11, 21, 22, and
23.)

Restriction and Ligation Reactions. Restriction enzyme
digests were normally carried out with about 2 ,g of DNA in
50 Al of a solution containing 10mM Tris1HCl (pH 7.5), 10mM
2-mercaptoethanol, 10 mM MgCl2, and 50 mM NaCl for the
HindIll enzyme, but 100 mM NaCl for the EcoRI enzyme;
solutions were incubated at 370 for 1-2 hr, heated at 70° for 5
min, and kept at 00. The necessary quantity of the restriction
enzyme was determined in trial digests of A+ DNA that were
analyzed by electrophoresis in 1% agarose gels (7). The re-
striction of the vector DNA samples was assessed from the re-
duction in transfection yield before proceeding with the ad-
dition of donor DNA fragments (restriction enzyme digests of

Abbreviation: PFU, plaque-forming units.
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Table 1. Yields of phage (per ig of vector DNA) in transfection and packaging experiments in vitro

Phage After restriction +
Exp. DNA Restriction Before restriction donor DNA + ligation
no. (vector) targets Transfection Packaging Transfection Packaging

1 461 lEcoRI 2.5 X104 8 X 106
11 X 106 *

2.9 X 104 6.5 X 105
2.5 X 106 *

607 1 EcoRI 4.6 X 104 1 X 107 4 X 103 1.5 X 106
3.3 X 106 * 1.0 X 106

5.1 X 104 1.7 X 106 4 X 102 7.6 X 104
5X106* 7.2X103t

XcI857Sam7 5 EcoRI 6.2 X 104 1.3 X 107
1.0 X i07 *

2 461 lEcoRI 2.9 X 104
641 1 EcoRI 1.2 X 105 3.7 X 103 8.2 X 104
646 2EcoRI 1.2 X 105 6 X 104 6.6 X 105
540 1 HindIII 1.1 X 105 1.9 X 104 1.3 X 106
590 iHindIII 1.5 X 105 5 X 104 1.5 X 106
598 1 HindIII 3.4 X 104 4.2 X 104 8.0 X 105
705 2 HindIII 5.3 X 104 5.6 X 103 1.6 X 105
711 2 HindIII 7.8 X 104 6.8 X 103 3.2 X 104

3t 596 2 EcoRI 0.15-5 X 105 1.7-8.0 X 107 0.8 X 103 0.1-0.5 X 105
722 2 HindIII 0.09-1.8 X 105 0.1-6.0 X 107 0.1-9.0 X 103 0.1-7.6 X 105
598 l HindIII 1 X 105 4.4 X 105 3 X 103 1.7 X 105

The packaging in Exps. 2 and 3 was performed with UV-irradiated cells (see legend to Fig. 1 for procedure). Phage were plated on E. coli C600.
The yields of phage shown for the restriction and ligation experiments are total phage; the recombinants were recognized in the various experiments
by their clear plaque morphology [vectors 607, 641, 590, and 598 (9, 11)], by complementation of an auxotrophic host strain, or by their ability
to plate on a pelb host strain since this is dependent upon the length of the phage genome (ref. 31; and W. Arber and H. Jutte, personal com-
munication).
* Duplicated experiments were done simultaneously with independently prepared batches of cells for the packaging mixtures.
t An experiment done simultaneously with yeast DNA as donor gave 500 PFU/,ug of DNA in transfection, but 4.7 X 104 and 1.4 X 104 PFU/,ug
of DNA in duplicate packaging experiments in vitro.

t This group of experiments was carried out by the participants in the EMBO course referred to in the text. The combination of donor and receptor
DNA was different in each experiment: the donors were DNA from different E. coli strains, a Xtrp transducing phage, or plasmids carrying
all or part of the E. coli trp operon. The latter were kindly provided by V. Hershfield and D. R. Helinski. The results are given as the range
of yields from three independent experiments with the 596 vector and four independent experiments with the 722 vector.

E. col DNA) and reaction with T4 polynucleotide ligase (23,
24). The solutions were diluted to a DNA concentration (vector
molecules) of 5-10 jig/ml and incubated for 3 hr at 100 fol-
lowed by at least 24 hr at 00 with polynucleotide ligase from
E. col infected with phage T4 (Miles Laboratories Ltd., Stoke
Poges, Bucks, U.K.), (0.1 unit/ml or 2 ul of the concentrated
enzyme preparation per ml of reaction mixture; the optimum
concentration was determined experimentally for each batch
of enzyme by measuring the restoration of transfection yield
of a restriction enzyme digest of a phage DNA with a single
target for EcoRI) in a mixture containing 66mM Tris-HCI (pH
7.5), 1 mM EDTA, 10 mM MgCI2, 5 mM dithiothreitol or 10
mM 2-mercaptoethanol, 40mM NaCl, and 0.1 mM ATP.

Transfection. E. colh 803 supE + suf + rKmK or rKm+K
was grown in a poor medium and starved in 0.1 M CaCl2 so-
lution (14) or, most often, grown in L broth, washed in 0.01 M
MgSO4 solution, and starved in 0.1 M CaCl2 solution (13). DNA
was usually added to the competent cells to give a final con-
centration of about 1 Mg/ml and diluted to '/o its original con-
centration before plating in the case of intact phage DNA; it
was added at a concentration of about 0.5 ,g/ml and plated
undiluted in the case of restricted DNA solutions. Mixtures from
ligase reactions were diluted to a DNA concentration of about
0.5 Mg/ml with 150mM NaCI/15 mM sodium citrate before
they were mixed with the competent cells (two volumes) and
these also were plated undiluted.

Packaging. Genomes were packaged in vitro as described
(17) with some slight modifications: single colonies of the strains
W3101 (Ximm434cItsEam4Sam7) and W3101 (Ximm434c-
ItsDaml5Sam7) were streaked out on an LA plate (17) and

grown overnight at 320. The cells were suspended in warmed
LB medium (17) at an OD6oo of not more than 0.15 and incu-
bated with shaking until an OD600 of 0.3 was reached. Induction
was effected by incubation of the cultures at 450 for 15 min,
standing. Thereafter they were transferred to 370 and incu-
bated for 3 additional hours with vigorous aeration. (A small
sample of each culture, which is lysis-inhibited as a result of the
mutation in gene S, should be checked for induction; upon
addition of a drop of CHC13, the culture should clear.) The two
cultures were then mixed, centrifuged at 5000 rpm for 10 min,
and resuspended in M9A medium (25), but without casein
hydrolysate, at an OD600 of 0.3. For experiments without UV
treatment (Tables 3 and 4) the cells were concentrated about
500-fold in complementation buffer (40 mM Tris-HCl, pH
8.0/10mM NaN3/10mM spermidine/10mM putrescine/0.1%
2-mercaptoethanol/7% dimethyl sulfoxide). UV-irradiated cells
(Fig. 1) were concentrated in the same buffer. [At this stage the
cells can be prepared for storage or used directly. Samples of
10-20 Ml are distributed in polypropylene or nylon centrifuge
tubes (1 ml), frozen rapidly in liquid N2, and stored at -57° or
below. When needed, a sample is then transferred in liquid N2
and put on ice; ATP is added to a final concentration of 1.5 mM.
If cells are to be used directly, ATP can be added before dis-
tribution of samples.] After freezing in liquid N2 and thawing
in ice (which takes 2-4 min), the DNA to be packaged (0.01-0.2
Mig) was added and carefully mixed with the concentrate im-
mediately after thawing. The mixture was centrifuged to the
bottom of the tube by spinning for a few seconds to avoid un-
necessary evaporation during the subsequent 30- to 60-min
incubation at 37'. At the end of this incubation period 2 Ml of
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a DNase solution (100 sg/ml) was added; ater further incu-
bation at 370 for 10 min, 0.5 ml of SMC (17) and a drop of
CHC13 were added. Phage obtained by this procedure can,
when freed from debris, be stored as any phage lysate.
Containment Conditions. EKI bacterial and bacteriophage

strains were used. Physical containment was P1 except when
yeast DNA was involved, where it was P2.

RESULTS AND DISCUSSION
Efficiency of Packaging In Vitro. Table 1 summarizes a

series of experiments in which DNAs from a selection of EcoRI
and HindIII vectors as well as recombinants made with E. coli
DNA by restriction and ligation reactions were compared for
their transfection and packaging efficiencies in vitro. Some of
the data were collected by the participants of an EMBO (Eu-
ropean Molecular Biology Organization) course on "DNA re-

striction endonucleases: Reactions and applications" (Basel,
1976), and therefore should be fairly representative of the ef-
ficiencies, and the variations thereof, obtainable. Generally,
packaging of vector DNA in vitro yielded plaques with an ef-
ficiency about a 100-fold higher than transfection. Restricted
and ligated DNa was packaged with an efficiency 10- to
100-fold higher than that from transfection.

Storage of Cells for Packaging. Since gentle lysis of the
packaging cells is accomplished by freezing in liquid nitrogen
and thawing, the possibility of storing the induced lysogens as
a concentrated frozen mixture was investigated because it
would obviously be a great convenience to make a large batch
of cells and remove small samples as required. The competence
of such a mixture for packaging in vitro remained at the orig-
inal level for at least 14 months, the longest time tested, on
storage at -57°. Survival of packaging activity upon storage
at -24°, however, was less satisfactory.

Packaging Is Nonselective. Lambdoid phages with different
genotypes vary appreciably in their growth characteristics on

a given host and further differences in efficiency of phage
growth are frequently encountered when a given phage is
grown on different host strains. Both host and phage recombi-
nation systems markedly affect the ease of handling a particular
phage; those with chromosomes of abnormal size or with re-
iterated sequences are relatively unstable and therefore become
replaced in a population by more stable derivatives. One would
thus not expect all of the members of a population of recom-

binant DNA molecules made in vitro to be equally viable, so
that in transfection experiments with a large mixed population
of DNA molecules, there may well be selection against some
recombinants and a variable yield of each member of the family
of recombinants, some of which may be rapidly lost altogether
(26). If single plaques are isolated after transfection and prop-

agated separately, these arguments obviously do not apply, but
some recombinants may have been lost already because they
were unable to grow on the host strain used for transfection.

Packaging of the DNA molecules in vitro does not offer the
same opportunities for selection of some of the recombinants
at the expense of others or for selection of the parental molecules
if these have higher viability than the recombinants. Since the
DNA is merely a passive packaging substrate and only DNA
sequences very close to the ends have to be specific (16), the
characteristics of the DNA molecule being packaged should be
of little consequence and the composition of the population of
phages produced in the "lysate" should reflect the relative

abundance of the various DNA molecules present.
Table 2 shows that within the normal range of genome length

for viable lambdoid phages, there is little difference in yield
of viable phages in the packaging of genomes in vitro with
deletions of various size. Table 2 also shows that, as expected,
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Table 2. Efficiency of packaging in vitro of A DNA preparations
having different genome lengths and red genotype

Packaging
Phage % Ax efficiency,

Exp. DNA DNA red PFU X 10-7/
no. (vector) deleted genotype Ag DNA

1 AcI857Sam7 0 + 1.3
616 10 + 1.7
459 16 + 1.2
607 18 + 1.5
461 20 - 0.78

2 XcI857Sam7 0 + 0.68
596 6 - 0.32
598 18 - 1.7
607 18 + 0.44
641 20 - 0.94
728 20 - 1.0

Packaging in vitro was performed with UV-irradiated cells (see
legend to Fig. 1 for procedure) and phage were plated on E. coli
C600.

red- phages do not appear to be at a disadvantage compared
to red + phages. More generally, the results of Tables 1 and 2
show little variation in yield attributable to phage genotype.
In contrast with these results, Sternberg et al. (27) recently
found that partially purified extracts from a different combi-
nation of cells preferentially packaged normal sized phage
genomes and could thus be made selective for particular classes
of recombinants. Also, in several experiments where the system
described here was used with a mixture of a receptor genome
(having a deletion of about 18%) and its in vitro recombinant,
the recombinant was obtained in a noticeably higher yield
(about 3-fold) whereas this was not the case with transfections
(B. Klein, B. Hohn, and K. Murray, unpublished work). -In any
event in vitro packaging of a ligation reaction mixture gives
a population of phages that has not been exposed to any of the
selective pressures that accompany replication and growth of
the phage within host cells. Moreover, since packaging is in-
dependent of replication, the recovery of independent DNA
molecules out of a mixture is possible. The in vitro packaged
phage can be kept indefinitely and scored by any selection
method on various host strains whenever needed, but when the
phage resulting from the packaging reactions are subsequently
propagated they are, of course, subject to the normal factors
encountered during growth within host cells. At the stage of
recovery of the in vitro recombinant DNA molecules, however,
the whole population is probably obtained without appreciable
selection.
Recombination during Packaging. Several genetic markers

were used to investigate recombination in vitro between the
endogenous DNA and the added DNA at three different in-
tervals along the A genome. Table 3 shows that a low level of
recombination in the packaging mixture was indeed detected
and was more frequent in the central region of the chromosome,
possibly due to the action of the phage integration enzyme,
which functions in vitro (19, 28, 29).
One of the more useful X vectors has the immunity region

of phage 434 substituted for its own; its only EcoRI restriction
target is located within the 434 cI gene (i.e., the gene for re-
pressor) (9, 1 1). Insertion of a DNA fragment at this site inac-
tivates the cI gene so that recombinant phages are distinguished
from the vector because they form clear plaques. When this
vector and donor (E. coli) DNA were restricted with EcoRI and
the fragments were joined, recombination with endogenous
DNK occurred during packaging. This recombination occurred
at a variable efficiency that was sometimes high, but that de-



3262 Biochemistry: Hohn and Murray

Table 3. Recombination of unrestricted exogenous DNA with A
DNA endogenous in the packaging mix

Frequency
of

recombina-
tion

Indicator amber DNA packaged (X 104) in
strain mutations of in vitro, interval

(E. coli) A suppressed PFUItg 1 2 3

C600 A, D, E, but 1.4 X 107, turbid plaques
(supE+) not S

3.2 X 103, clear plaques 2.3
(-10 X higher than S+
revertants of
packaged endogenous
DNA)

5.6X 104Aam+ Dam or 40
Aam+ Eam,
turbid plaques

W3101 None 3.5 X 103, turbid plaques 2.5
(sup)0 (7 X higher

than Aam+ revertants)
Aarn imm434 exogenous DNA

1 2 3
/ \ / \ / \ endogenous DNAs
Eam imm434 Sam

or Dam cIts
Packaging in vitro was performed with nonirradiated cells, as de-

scribed in the legend to Table 1. Aimm434 Aam32 DNA was used as
exogenous DNA. When packaged, it produces turbid plaques on E.
coli C600. Recombinants in interval 3 make a clear plaque on the same
indicator at 370 due to the temperature-sensitive repressor. Recom-
binants in interval 2 plate on a sup0 (XAam32) lysogen but not on a
sup0 (XEam4) or sup0 (ADam 15) lysogen. Recombinants in interval
1 form turbid plaques of the sup0 indicator E. coli W3101.

creased with the period of incubation (at about 400) of the li-
gation reaction mixture (Table 4). Moreover, there was a hot
spot of recombination at an interval between immunity and
gene S which gave imm434 cIts S + Eam4 and imm434 cIts S +
Daml5 recombipanrts at a frequency two to three orders of
magnitude above the Sam7 to S+ reversion rate observed in
control complementation mixtures from which exogenous DNA
was omitted. This recombination was not dependent upop the
ligase (which normally is retained, but not inactivated, ip the
ligated sample) since heat inactivation prior to packaging in
vitro did not reduce recombination with the endogenous phage
DNA. The mechanism of this recombination is unknown, but
possibly the ligated DNA molecules, or more probably large
DNA fragments remaining after incomplete ligation or perhaps
resulting from the action of a contaminating exonuclease, may
initiate or enhance recombination with the endogepous phage
DNA. The EcoRI target within imm434 is located 100 base
pairs to the left of the OR operator and therefore most likely to
the right of the ts marker (V. Pirrotta, personal communica-
tion), which is consistent with this view.

Packaging and Containment. Packaging in vitro avoids the
necessity of cycling phage DNA molecules through living cells
in order to recover them as phage particles. When used as the
initial step in recovery of DNA molecules made in recombi-
nation research in vitro, it removes one stage at which viable
phage could escape from the laboratory into the wider envi-

ronment.
In addition to this degree of containment of the recombinant

DNA, the final step in the packaging reactions in vitro includes
treatment with chloroform, a procedure that has been recom-

Table 4. Effect of UV irradiation upon recombination
of restricted and ligated vector DNA with A DNA endogenous

in the packaging mix

Recombination in intervalP
Effi- Inter- % recom-

UV ciency* valt binantst 1 2 1+ 2 2 + 3 3

Exp. no. 1
- 2.5X 106 4 89 16/16

Exp. no. 2
- 3.3 X 104 1 27 3/30 5/30 4/30 3/30 15/30
- 1.3 X 104 5 7 4/35 31/35
- 1.7X 105 18 <1

Exp. no. 3
- 2.1 X 104 1 49 1/172 17/172 154/

172
+ 2.1 X104 1 <0.0091
- 3.4 X 105 3 5.2 1/23 1/23 21/23

b538 imm434

1 \ /2

Dam or Eam imm434
cIts

607 or 607-hybrid DNA

3

endogenous DNA
Sam

Packaging in vitro was performed as described in the legend to
Table 1. For Exps. 1 and 4 only nonirradiated cells were used; but Exp.
3 both unirradiated cells and cells irradiated for 30 min were used.
Restriction of vector and donor (E. coli) DNA, and the ligation re-
actions were as described in the legend to Table 1. The ligated samples
were kept at 40 for the number of days indicated, without inactivation
of the ligase. The proportion of the recombinants between exogenous
and endogenous DNA was calculated by comparing the plating
properties of individual, purified plaques on E. coli C600 (supE+) and
a sup0 strain. Unrecombined 607 vector DNA or a ligation product
thereof plates on both indicators. The majority of the recombinants
(as detected by this plating procedure) had picked up an amber E or
D mutation from the endogenous DNA. S amber mutations carried
by a recombinant were not screened because their detection requires
a supF+ suppressor in the indicator strain, and this would have en-
abled phage containing the endogenous DNA to plate as well. Indi-
vidual plaques, purified on E. coli C600, were tested for: imm434
(turbid plaques at Poth 320 and 400); insertion of DNA fragment in
imm434 [clear plaques at both temperatures (9, 11)1; imm434 cIts
(turbid plaques at 320, but clear ones at 400); b538 deletion [inability
to plate efficiently on GL1 peI21 W3101supE+, provided by S. Em-
mons (25)1; and Dam or Eam (by their inability to plate on a sup0
host).
* PFU/,ug of vector DNA in ligation reaction mixture.
t Days between ligation and packaging.
I % of total PFU plating on C600.
§ Fraction of total recombinants tested.

mended as a chemical means of containment (sterilization in
this case) since it kills bacterial cells very effectively (30).
However, any procedure that converts DNA or an in vitro re-
combinant thereof into, plaque-forming phage should avoid or
minimize the possibility for dissemination of a new and con-
ceivably hazardous sequence via exchange with endogenous
DNA in the system being used, be this in vitro packaging or
transfection. The recombination observed between exogenous,
unrestricted DNA, as well as the products of restriction and li-
gation reactions, and DNA endogenous in the in vitro pack-
aging mixtures is therefore important in this context.

There are, in principle, two ways to eliminate recombination
between the X DNA added to the packaging extract and the E.
coli or phage DNA that is already present in it: genetic elimi-
nation of all the known recombination systems from the lyso-
gens used for the packaging mixtures, or elimination of the
biological activity of the endogenous DNA. The latter course

Proc. Nati. Acad. Sci. USA 74 (1977)
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Time of UV irradiation, min
10 20 30

FIG. 1. Inactivation of bacteriophage A and an in vitro packaging
mixture by irradiation with UV light. In order to assess the required
UV dose, AcI857 Sam7 phage and the packaging mixture prepared
as described in the legend to Table 1 were each resuspended in M9
medium at an OD600 of 0.3 and distributed in empty sterile petri
dishes in 10-ml portions. UV irradiation and all subsequent handling
was performed in a darkroom, with the UV lamp (Westinghouse
Sterilamp) as the only light source. At various time intervals after
irradiation at a 50-cm distance, the phage titer was determined and
the packaging cells were concentrated by centrifugation. Packaging
in vitro was carried out as described in the text, using Ac1857 Sam7
DNA as the exogenous DNA. Plating was on Ymel(A) for phage that
had packaged endogenous DNA and on Ymel (Ximm434) for phage
containing the DNA provided exogenously (25). 0, Free phage; A,
endogenous DNA packaged; 0, exogenous DNA packaged.

proved to be preferable because introduction of recombination
deficiencies into host and prophage of the strains used for
packaging reduced the efficiency of in vitro packaging by a

factor of 2 to 5 (B. Hohn, unpublished work). Extensive irra-
diation of recombination-proficient packaging cells with UV
light prior to use in the in vitro packaging reactions did not
reduce their efficiency for packaging exogenous DNA, but
greatly reduced the yield of endogenous DNA, either packaged
or as free phage (Fig. 1). With packaging cells treated in this
way no recombinants were detected during packaging of ex-

ogenous DNA (Table 4, Exp. 3).
These experiments show that the recombination during in

vitro packaging can be controlled according to the require-
ments of a given experiment. With recombinant phage DNA
made with a prokaryotic donor DNA, it may sometimes be of
interest, or use, to retain this possibility; with donor DNA from
higher eukaryotes, it would appear advisable to eliminate the
opportunity for recombination as a precaution against possible
incorporation of donor DNA sequences into the endogenous
DNA from which they could eventually disseminate further.
With this added precaution, in vitro packaging offers an effi-
cient means for recovery of phage DNA molecules made by the
methods currently used to construct heterologous recombinants
in vitro, and at the same time provides for containment of the
recombinants during the process.

We thank Drs. T. Hohn and S. Brenner for suggesting the use of in
vitro packaging or recombinant DNA research, Dr. M. Birnstiel for
recommending the use of UV light to inactivate unwanted DNA, Dr.
Ch. Hinni for some of the restriction and ligation reactions, and Dr.

N. E Murtay for many phage strains. The participants of the EMBO
d~r oe "DNA restriction endonucleases: Reactions and applications"
performed, with interest and enthusiasm, several restriction, ligation,
transfection, and in vitro packaging experiments and we thank them
for allowing their results to be included here. Financial support was
provided by grants from the Swiss National Fonds (to T. Hohn) and
the Science Research Council, U.K.

1. Chang, A. C. Y. & Cohen, S. N. (1974) Proc. Natl. Acad. Sci. USA
71, 1030-1034.

2. Morrow, J., Cohen, S. N., Chang, A. C. Y., Boyer, H. W., Good-
man, H. M. & Helling, R. (1974) Proc. Natl. Acad. Sci. USA 71,
1743-1747.

3. Keddes, C. H., Cohen, S. N., Houseman, D. & Chang, A. C. Y.
(1975) Nature 255,533-538.

4. Chang, A. C. Y., Lansman, R. A., Clayton, D. A. & Cohen, S. N.
(1975) Cell 6,231-244.

5. Murray, N. E. & Murray, K. (1974) Nature 251,476-481.
6. Borck, K., Beggs, J. D., Braimnar, W. J., Hopkins, A. S. & Murray,

N. E. (1976) Mol. Gen. Genet. 146, 199-207.
7. Struhl, K., Cameron, J. R. & Davis, R. W. (1976) Proc. Natl. Acad.

Sci. USA 73, 1471-1475.
8. Ratzkin, B. & Carbon, J. (1977) Proc. Natl. Acad. Sci. USA 74,

487-491.
9. Murray, K., Murray, N. E. & Brammar, W. J. (1975) Proceedings

of the Xth FEBS Meeting (North Holland-American Elsevier,
Amsterdam), Vol. 38, pp. 193-207.

10. Murray, K. (1977) in "Recombinant DNA," Xth Miles Sympo-
sium (Raven Press Inc., New York), in press.

11. Murray, N. E., Brammar, W. J. & Murray, K. (1976) Mol. Gen.
Genet. 150,53-61.

12. Bellet, A. J. D., Busse, H. G. & Baldwin, R. L. (1971) in The
Bacteriophage X, ed. Hershey, A. D. (Cold Spring Harbor Lab-
oratory, Cold Spring Harbor, NY), pp. 501-513.

13. Lederberg, E. M. & Cohen, S. N. (1974) J. Bacteriol. 119,
1072-1074.

14. Mandel, M. & Higa, A. (1970) J. Mol. Biol. 53, 159-162.
15. Hohn, T., Wurtz, M. & Hohn, B. (1976) Phil. Trans. R. Soc.

London 276, 51-61.
16. Hohn, B. (1975) J. Mol. Biol. 98,93-106.
17. Hohn, B. & Hohn, T. (1974) Proc. Natl. Acad. Sci. USA 71,

2372-2376.
18. Casjens, S., Hohn, T. & Kaiser, A. D. (1972) J. Mol. Biol. 64,

551-563.
19. Syvanen, M. (1974) Proc. Natl. Acad. Sci. USA 71, 2496-

2499.
20. Drabkina, L. E., Konevega, L. V., Legina, 0. K. & Mosevitsky,

M. I. (1976) Mol. Gen. Genet. 144, 83-86.
21. Murray, K. & Murray, N. E. (1975) J. Mol. Biol. 98,551-564.
22. Nathans, D. & Smith, H. 0. (1975) Annu. Rev. Biochem. 44,

273-293.
23. Sharp, P. A., Sugden, B. & Sambrook, J. (1973) Biochem. 12,

3055-3063.
24. Weiss, B. & Richardson, C. C. (1967) Proc. Natl. Acad. Sci. USA

57, 1021-1028.
25. Hohn, T., Flick, H. & Hohn, B. (1975) J. Mol. Biol. 98, 107-

120.
26. Cameron, J. H., Panasenko, S. M., Lehman, I. R. & Davis, R. W.

(1975) Proc. Natl. Acad. Sci. USA 72,3416-3420.
27. Sternberg, N., Tiemeier, D. & Enquist, L. (1977) Gene 1,

255-280.
28. Nash, H. A. (1975) Proc. Natl. Acad. Sci. USA 72, 1072-1076.
29. Gottesman, S. & Gottesman, M. E. (1975) Proc. Natl. Acad. Sci.

USA 72, 2188-2192.
30. Weissmann, C. & Boll, W. (1976) Nature 261,428-429.
31. Emmons, S. W., MacCasham, V. & Baldwin, R. L. (1975) J. Mol.

Biol. 91, 133-146.

Biochemistry: Hohn and Murray


